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Abstract 
This work presents a broad investigation into the protective mechanisms and 
design specifications of sports mouthguards, motivated by the need to standardise 
testing of these personal protective devices. 
A mechanical model in the form of an artificial jaw was developed to allow 
impact testing of a range of mouthguards in situ. The protective capabilities of different 
design features were assessed, with thicker larger mouthguards performing best. 
Various forms of tooth fracture were investigated and the influence of the embedding 
method was linked to the type of fracture seen. 
A user study was also conducted that compared the same range of mouthguards 
investigated in the impact tests, but in term of user perceptions of comfort prior to 
fitting the mouthguard, after fitting the mouthguard and after mild exercise. The concept 
of familiarisation was found to have a significant influence on the perception of 
comfort. Clear trends could be seen with respect to exercise, user experience, and 
specific design features such as thin soft material and close fit. 
Static 3D and dynamic 2D FE modelling were carried out to investigate the 
protective mechanisms of idealised mouthguards in simple linear elastic models. The 
concepts of cushioning and support were defined and explored. Cushioning is the 
mechanisms by which soft layers reduce impact stresses. Support is the mechanism by 
which rigid layers share the load over neighbouring teeth. FE modelling showed that bi- 
layer and tri-layer guards can offer superior protection compared to monolayer guards 
by combining the requirements of cushioning and support. However, the optimum 
design parameters of mouthguards depend upon the type of load, and so there is no 
universal solution for all risks. Hence it is proposed to classify the requirements of any 
particular mouthguard application in terms of cushioning and support, based on a 
probability of impact characteristics occurring. 
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Chanter 1 Introduction 
Sports injuries are a hazard for the active participants of recreational and 
competitive sports activity. Sporting injuries in relation to health have been studied 
since ancient times (Leadbetter & Leadbetter 1996), although with the advent of modern 
professional sports the ramifications are now much greater. Hundreds of thousands of 
pounds are at stake not only for the professional teams and individuals, but also for 
National Health Services and medical insurance companies. 
With the increased number of participants in sports there has been a noticeable 
increase in injury occurrence (Kerr 1986). Governing bodies and the medical profession 
have been advocating the use of protective equipment in various sports for some time. 
In sports where high energy collisions are common, such as American football, martial 
arts, boxing, rugby, ice hockey and to a lesser degree sports such as association football 
and field hockey, the governing bodies have made the use of protective equipment 
mandatory. 
Protective equipment comes in various shapes and forms depending on its 
purpose. Primarily this can be classified by the sport and the part of the body to be 
protected. The equipment is intended to reduce the risk of injury to the wearer without 
creating another injury hazard to any of the participants (Bishop 1993). 
One particular device, and focus of this work, is the sports mouthguard. A 
mouthguard is a device normally made from polymeric material that fits over either or 
both sets of dentition and provides a thin interposing layer between the teeth, soft 
tissues, and impacting objects. Mouthguards have been used for protecting athletes from 
orofacial and, arguably, brain injuries for over 50 years. Since their introduction in 
boxing their success in reducing injuries has been noted, and widespread use throughout 
various sports has followed. Not only are they mandatory in sports such as boxing, 
American football, and ice hockey, but can often be seen in sports such as basketball 
where collisions are more infrequent and their use is not enforced. Furthermore, rugby 
does not appear to make the use of mouthguards mandatory under the laws of the game 
(RFU 2005). However it is rare to see anyone playing without a mouthguard at senior 
level, and at junior level the responsibility of player safety falls with the school or club 
and hence they normally enforce the use of mouthguards. 
The cost of treatment for dental injuries and the length of treatment periods has 
been universally identified with high expense (Sane 1998, Labella et al. 2000, Kerr 
1986), which is partially due to the low potential for recovery of teeth to their normal 
functional state (Blignault 1987). There are numerous reasons why the reduction of 
dental injuries would be beneficial. However there is still a reluctance of many 
participants to wear mouthguards. 
In spite of the widespread use of mouthguards, their design is usually still based 
on professional experience, opinion and rules of thumb, rather than on engineering 
principles and quantitative characterisation. There are no accepted national or 
international commercial testing procedures for performance standards of these devices, 
and hence no reassurance that they are adequately fulfilling their role as a piece of 
personal protective equipment. To put the design and use of mouthguards on a more 
rigorous footing requires progress to be made in the following areas. 
"A quantification of the loading stresses arising from typical sports impact 
events. 
"A clear understanding of the mechanisms by which mouthguards are able to 
reduce the incidence of injury. 
" The development of effective and standardised testing techniques so that product 
quality can be assured and that design and manufacturing processes can be 
improved. 
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Primarily this thesis addresses the second of these three aspects, with the overall 
aim of making progress towards the development of well-founded testing techniques. 
This is a complex topic, involving the mechanical analysis of impacts on poorly 
characterised biological tissue together with the study of issues such as the 
psychological response of the wearer, and the commercial pressures which are 
inevitably involved. The emphasis here is on the mechanical testing, modelling and 
analysis of mouthguard-dentition system, but with some attention paid to the psycho- 
social aspects. The outline of the thesis is as follows. 
Chapter 2 is a summary of the main structures and tissues involved in the human 
dentition. A review of the materials tests used to gather data on these tissues is also 
presented. The review provides a picture of the system under study which can be 
followed by both engineer and biologist alike, and provides the necessary starting point 
for analysing the sports mouthguard. Although broad, an attempt to keep this part of the 
thesis relevant to materials engineering has been made. Consequently some of the 
imprecise materials engineering of some dentists has been excluded. 
Following on from this, chapter 3 describes the main research techniques used for 
gathering data on impact injuries in sports. It describes several common dental injuries 
and the problems associated with understanding impact injuries in the complex scenario 
of sporting events. A number of possible mechanisms and parameters for particular 
injuries are proposed which are necessary for the later investigation of the mouthguard's 
effect on the probability of injury. 
Chapter 4 introduces and explains the different varieties of mouthguards, the 
current views and background on mouthguard testing, including a more detailed 
discussion of the issues relating to standardisation and the required test procedures. 
Current work using the finite element method, mechanical testing of materials samples 
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and the mouthguard in situ (structural response) is shown along with work on psycho- 
social and physiological issues. 
Following these three chapters of literature review the experimental approach for 
the remainder of the thesis is introduced in chapter 5. This includes three separate but 
complementary methods: mouthguard assessment in situ using an artificial jaw, a user 
study to investigate the user's opinion on mouthguards in relationship to their 
performance during impact, and finite element modelling which is based on the 
investigation of two possible mechanisms for mouthguard protective behaviour. 
Chapter 6 presents several mechanical and FE experiments used to validate and 
develop an artificial jaw. The artificial jaw is then used in chapter 7 to assess several 
mouthguard designs under impact conditions, which are also assessed in terms of 
comfort and wearability using participants in a qualitative study. 
The experiments and results from several FE models are then presented in 
chapters 8,9 and 10. In chapter 8 some preliminary experiments on the effect of guard 
layer modulus and thickness on the two proposed protective mechanisms is 
investigated. Some of these results have been previously published (Paterson et al. 
2004). The guard layer protective mechanisms are then investigated further in chapter 9 
using two different impact objects, and the most appropriate mechanical parameters for 
use in identifying the risk of different injuries are considered. Chapter 10 then goes on 
to use the models and techniques developed in the preceding chapters to evaluate 
several novel bi-layer and tri-layer mouthguard structures, and ends with conclusions 
about the best mouthguard design. The overall conclusions from all of the experimental 
work are brought together in chapter 11 along with suggestions for future work. 
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Chapter 2 Dental Anatomy 
2.1 Introduction 
Before undertaking a thorough investigation of mouthguards it is important that 
the structures involved are understood. Structures in this sense are meant as the 
biological tissues that the guard should protect, and also those tissues that contribute to 
the behaviour of the system. There are numerous decisions that must be made based on 
the nature of these structures, especially from a modelling perspective. Including a full 
review of such a broad and far-reaching topic is particularly difficult, especially when 
the hierarchical order becomes apparent. The inclusion of information on cellular 
biology, dental physiology, and some aspects of neurophysiology which at first are not 
straightforward for the engineer are important because these factors control the 
behaviour of the system. The interpretation of the literature to clarify the relationship of 
biology to engineering principles has been of principal importance in this work. 
However much of the anatomical detail is given in appendix 1. 
This chapter outlines the biological aspects of the system under study. It is 
primarily used to describe the anatomy and physiology of the mouth and its 
components, which is the first step in a biomechanical evaluation of the dentition. The 
range of materials data available which defines the behaviour and tolerance of these 
components is also presented. 
Biology and nature have been studied thoroughly over many centuries. However 
the application of physical techniques and theories from classical materials engineering 
have been found wanting when utilized for the complex composites found within 
nature. The principle of combined action is still fundamental in understanding these 
materials, but determining the influence of different phases on the mechanical properties 
of a biological material is more of an art form than science. 
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Apart from the specific references cited, much of the information and pictures of 
anatomy were obtained from Gray (1967), Miles (1967), Scott (1982) and Moss- 
Salentijn (1990). 
2.2 Dental Physiology 
The skull is the skeleton of the head which is made up of a number of connecting 
bones as seen in figure 2.1. The geometry and condition of these bones alter the risk of 
injury. 
Calvaria 
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Orbit 
. ygomatic 
)one 
Maxilla 
Figure 2.1 The skull. Adapted from (Moss-Salentijn 1990) 
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The upper part of the facial skeleton is made up of two maxillae (right and left) 
which form the upper jaw, the nasal bone (small group of bones in the nasal area), the 
zygomatic bone (main part of cheek) and the orbit of the eye. 
The lower part of the facial skeleton has just one major structure, the mandible 
(lower jaw). The mandible is the biggest bone of the face and is the only bone in the 
head capable of any significant movement, which has important consequences for 
related injuries. 
2.3 Maxillae 
The maxillae are the second largest bones in the face, and together they form the 
whole of the upper jaw. They also form part of the roof of the mouth (bony palate), the 
lateral wall of the nasal cavity and the floor of the orbit (eye socket). They extend to 
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include the alveolar process which houses the sockets for the roots of the teeth. The 
alveolar process is the part of the bone, present in both maxillae and mandible, which is 
shaped to allow tooth growth from within. The pressure fracture tolerance of the maxilla 
is quoted by Hampson (1995) after reviewing previous work by Hodgson (1968), 
Nahum (1975) and others as 1-2 MPa. Some authors such as Hodgson have also 
quoted `strength' values in terms of force (presumably peak impact force). 
The wide variability in bone tolerance from person to person, and the difficulty in 
accurately determining stress and strain in destructive tests on cadavers presumably led 
to these less than precise test procedures, where authors were aiming to determine 
general trends rather than precise values and hence estimated rather than measured 
contact areas and accelerations of collisions to determine forces and pressures. 
2.4 Mandible 
The mandible is the largest and strongest bone of the face. It has a curved, 
horizontal body, which is convex forwards, and two broad projections (rami) upwards 
from the posterior ends of the body (Moss-Salentijn 1990). It has a pressure fracture 
tolerance of 2.76 - 6.20 MPa (Hampson 1995). It is connected to the rest of the face at 
the head of the mandible. The head is a bony process, located at the closest point to the 
ear on the mandible. This area of the jaw is called the temperomandibular joint (TMJ), 
where arguably the most dangerous injuries can occur because of its proximity to the 
brain. 
The bone matrix that forms the mandible and maxillae is composed of two forms, 
namely the hard cortical bone which is found at the surface of the jaw, and the soft 
cancellous bone inside. The bone density typically increases as it gets closer to the tooth 
in order to provide rigid support for the attachment of the periodontal ligament (PDL). 
Much softer more elastic bone is also found in the primary dentition and may be an 
effective way of preventing certain injuries in children as discussed further in chapter 3. 
2.5 Temperomandibular Joint (TMJ) 
The TMJ houses the head of the mandible in a structure consisting of ligaments, 
nerve bundles, and muscles. The behaviour of this joint under different impact 
conditions and how it transmits forces to the surrounding tissue is important when 
considering the role of mouthguards in protecting these tissues - especially the brain - 
from injury. The basic anatomy of this region is described next. 
The anatomy of the TMJ region is complicated and although the other structures 
in the region are clearly important in this area of research, a discussion here would only 
serve to confuse the reader with limited knowledge of medical terminology. For the 
interested reader the anatomical literature provides sufficient detail on the geometry and 
roles of the relevant parts (Gray 1967, Cunningham 1981). Figure 2.2a shows the lateral 
(outer surface) and medial (inner surface) aspects of the TMJ, and figure 2.2b shows the 
regions obscured by the TMJ known as the infratemporal fossa. For now this simplified 
graphical description of the surrounding ligaments and muscles will serve to show the 
complex nature of the area, particularly when considering the possible movements that 
occur under normal conditions of mastication (chewing), and the extreme cases of 
transient loading. For a further information on the complexities of the joint see appendix 
1. 
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Figure 2.2 TMJ (a) Lateral aspect (left) and Medial aspect (right) and (b) Right Infratemporal Fossa 
Lateral aspect 
2.6 The Dentition 
Figure 2.3 shows the standard oral cavity, with permanent dentition. There are 
many important features in the oral cavity, all with some influence on the surrounding 
structures and important roles. Of particular interest are the teeth, which have given 
humans the capacity for such complex characteristics as speech, taste, omnivorous 
mastication, and all this at a direct entry to the respiratory system. It is important to 
consider all of these functions and therefore consider the structure of the entire oral 
cavity. However the obvious complexity and interaction of these various processes 
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makes it particularly difficult to review briefly and effectively. Extensive consideration 
is given to many facets of the system in the following chapters including many of the 
human factors such as perceived comfort and protection, which become as important as 
standard engineering considerations when an artificial device, designed to protect the 
wearer from injury during sport, is placed in the oral cavity. For now, the objective of 
this section is to outline the physiology of the oral cavity. 
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Figure 2.3 Oral Cavity 
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Figure 2.4 shows a section of a permanent lower incisor and its supporting tissues, 
reproduced from Scott (1982). 
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Figure 2.4 Sagittal section of mandibular incisor 
Teeth consist of three key calcified materials, enamel, dentine, cementum, and one 
specialised tissue, the pulp, making them highly inhomogeneous. The calcified tissues 
are formed from the pulp in the early stages of development when the pulp acts as an 
embryologic organ. Its role as an organ continues throughout the lifespan of the tooth 
providing a blood supply and important cells, which continue to produce dentine. This 
constant adaptation of materials is one of the major problems facing material scientists 
working in this area. There is considerable variation within the tissues of the teeth, 
between the deciduous and permanent dentition, and from tooth to tooth, depending on 
diet, and other extrinsic factors. 
A further example of active variability can be found in the alveolar bone that 
forms the socket. There has been considerable work in this area regarding remodelling 
(Wilson et al. 1991, and 1994), a dynamic process which reflects the nature and 
function of the teeth, but which is more generally used and researched with respect to 
orthodontics. Remodelling is a process by which stress/strain in the surrounding socket 
is relieved by the activity of cells called osteoclasts and osteoblasts. These cells become 
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active after approximately 6 hours in the presence of a stress/strain field and begin to 
remove bone from areas of compression and placing them in areas of tension (Wilson et 
al. 1994). Natural functions such as these are an important area of variability when 
determining structural properties, but first a closer look at the materials should be 
considered. 
2.7 Enamel 
To understand the nature of enamel and therefore its structural importance for 
teeth a `global' approach should be adopted to the materials in the system. As with all 
biological materials (tissues), considering how the material is adapted for its function 
can explain the novel features found. 
Enamel is a unique substance, which allows our masticatory organs to grind and 
crush numerous types of nutrients and foodstuffs, and it can be broadly defined in terms 
of its physiochemical, structural and ultrastructural features. The complex hierarchical 
nature of the material means that certain interactions are not fully understood, but 
should still be considered. 
Enamel is the hardest material in the human body and thus the major structural 
component in teeth, and as such, arguably the most important material when modelling 
their behaviour. However, the hardness and high elastic modulus can be seen as a 
structural weakness because of the associated brittleness. Nevertheless, in combination 
with the highly compressive underlying dentine it forms an exceptionally well-evolved 
masticatory organ. 
In its mature state enamel contains 96-97% inorganic substance by weight (86% 
by volume) (Scott 1982). Primarily this is hydroxyapatite (HAp) (Calo(OH)2(PO4)6)9 
approximately 90% is crystalline in nature (Osborn 1976). Of the remaining 4% weight, 
approximately 1% is organic material and 3% is water. 
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The crystalline nature of the hydroxyapatite is what gives enamel its considerable 
strength (for further details refer to appendix 1). The variation found in data on enamel 
is primarily due to the plane in which the measurements are taken (Osborn 1976), which 
is evidence of enamel showing considerable anisotropy. The anisotropy has been shown 
to depend on the crystal orientation and the degree of calcification and distribution of 
metallic ions (Osborn 1976). Furthermore, apatite minerals have been shown to vary 
their behaviour significantly with different ion treatments (Walsh et al. 1994). An 
important reason for apatites' variability is their ability to undergo substitution and 
displacement with other ions. A well known example of this is the exchange reaction 
with fluoride ions that has been shown to prevent cavities and leaves the tooth more 
resistant to acid dissolution (Osborn 1976), thus increasing the structure's overall 
resistance. 
2.7.1 Enamel Properties and Tests 
There are several sets of experimental data in the literature that quantify the 
overall behaviour described previously. For the purpose of this review a selection of 
standard methods (static and FE) will be reviewed here. A complete review of all the 
available data is omitted for the sake of brevity. Other data derived from dynamic tests 
is considered later, together with the data on dentine because of the difficulty in 
separating the two materials, and their inherent synergy. 
In comparison to the work on dentine there has been relatively little work on 
measuring enamel's mechanical properties, specifically because of the difficulty in 
obtaining samples from such a thin material (see appendix 1). Craig et al. (1961) 
conducted standard compressive tests on two areas of human molar enamel (cusp and 
side) with the prism axis parallel to the specimen axis. They recorded Young's modulus 
values of 84.1 ± 6.2 GPa and 77.9 ± 4.8 GPa, proportional (elastic) limits of 353 ± 77.6 
MPa and 336 ± 61 MPa, and 384 ± 85.3 MPa and 372 ± 56 MPa respectively. These are 
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generally considered acceptable values, but the literature also shows compressive values 
for Young's modulus ranging from 8.96 GPa to 131 ± 16 GPa (Tydesley 1959), 
proportional limits varying from 70.3 ± 22 MPa (Stanford et al. 1960 ) to 353 ± 
77.6 MPa (Craig et al. 1961), and compressive strength varying from 94.5 ± 32.4 MPa 
(Stanford et al. 1960) to 384 ± 85.3 MPa (Craig et al. 1961). All data mentioned have 
comparable prism orientations (prism axis parallel to specimen axis) in the samples with 
the exception of Tydesley's experiments which were conducted in 4 point bend rather 
than compression. 
Yamada (1970) summarises various authors' data on enamel (human and animal) 
hardness and abrasion resistance. Variation in the data can be seen according to test 
method, age of subject sample, preparation method, and tooth type. It shows definitively 
that there is a small difference between the hardness of various teeth: posterior tooth 
enamel is generally harder than anterior tooth enamel. This is most probably a result of 
the differing function of the various teeth: incisors for cutting, canines for tearing, 
premolars for grasping, and molars for grinding and masticating. 
Further to bulk techniques, nanoindentation methods have given great insight into 
the hierarchical nature of the teeth and especially into the function of the dentine enamel 
junction (DEJ), as discussed later. In enamel they have shown how hardness increases 
towards the tooth surface (Fong et al. 2000). In combination with visualisation 
techniques such as those used by Jiang et al. (2003) they have provided much greater 
depth of understanding of dental tissue behaviour. 
Alternatives to mechanical testing have also been used to evaluate the variety of 
data on Young's modulus of enamel (Spears 1997). Spears considered the 
microstructure and ultrastructure of enamel in evaluating the variable data on stiffness 
found in the literature. An FE model of prismatic enamel was constructed with the 
crystallites having specified directions of orientation within the prisms (E = 114 GPa) 
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and the organic tissue interspersed (E = 4.3 GPa). Various volume fractions were tested 
(0.81 - 0.99) with Young's modulus for enamel varying from 60 - 113 GPa 
anisotropically. 
2.8 Dentine 
Dentine constitutes the majority of the volume of tooth, extending most of the 
length of the tooth. It is covered at the crown by enamel and at the root by cementum. 
The internal surface of the dentine surrounds the pulp cavity which is occupied by pulp 
tissue. Dentine is composed of similar inorganic phosphates to enamel, mainly HAp, 
about 75% by weight, and 50% by volume (Kinney et al. 2003). 
Dentine has a larger and more diverse proportion of organic material compared 
with enamel, about 20%, being mainly collagen based (Scott 1982, and Osborn 1976). 
The collagenous fibres found in the intertubular matrix (internal structure discussed in 
appendix 1) resemble collagen found in tendons and other connective tissue, but they 
are randomly orientated in a plane perpendicular to the direction of dentine formation. 
Within the dentine there are a number of microscopic features which have an 
important role in the formation of teeth. However, they have naturally evolved to 
withstand the loads occurring when the teeth function and consequently have a 
significant role in the tooth's structural integrity. Further detail of these aspects is given 
in appendix 1, and some of the materials data derived from mechanical testing is given 
in the next section. 
2.8.1 Dentine Properties and Tests 
Unless stated the following properties have been measured in compression. Early 
work by Peyton et al. (1952), Stanford et al. (1958), and Craig & Peyton (1958) 
reported the differences in dentine properties of various teeth types to be minimal. The 
proportional limit in their work ranges from 161 ± 23.7 MPa (Peyton et al. 1952) to 173 
± 15.5 MPa (Stanford et al. 1958). The strength varies from 250 ± 22.6 MPa (Peyton et 
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al. 1952) to 348 ± 24.5 MPa (Stanford et al. 1958), and Young's modulus ranges from 
11.4 ± 1.7 GPa (Stanford et al. 1958) to 16.6 ± 18.5 GPa (Craig & Peyton 1958). 
Yamada (1970) provides a summary of data including strength, Young's modulus, 
hardness and abrasion resistance. As with enamel there is variation with age and 
function of the tooth. Maxillary dentine samples also show higher values than 
mandibular samples, air dried samples show unexpectedly higher values than wet 
samples, and no difference was seen between samples from different sexes. Yamada 
also noted a similar trend to Stanford et al. (1960) where root specimens showed higher 
compressive strength than crown specimens. 
With the advent of nanoindentation instruments with continuous depth sensing 
capabilities, the investigation of dentine microstructure became possible (Fong et al. 
2000, Kinney et al. 1996) and a significant difference was found in the behaviour of 
peritubular and intertubular dentine (identified in appendix 1). The hardness of 
peritubular dentine (2.3 GPa) can be up to 4 times as hard as intertubular (0.5 GPa) 
(Kinney et al. 1996). This is highly significant when considering the fracture behaviour 
of dentine because sudden changes in material properties would be expected to raise 
internal stresses significantly. 
The most comprehensive review to date of the properties of dentine was carried 
out by Kinney et al. (2003). Among the many interesting points made about the 
research in this area over the past 50 years was the change in accepted values of 
Young's modulus. Now the accepted Young's modulus for dentine is between 20 - 25 
GPa compared with 13 - 16 GPa previously which are lower because work often 
included viscoelastic response. Modern techniques such as resonant ultrasound 
spectroscopy which use stress levels too low to activate creep, and standard ultrasound 
measurement that use extremely high strain rates have enabled accurate measurement of 
Young's modulus and other elastic constants without viscoelastic effects. 
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2.9 Fracture and Dynamic Tests on Enamel and Dentine 
Fracture properties are arguably the most important of all the derived data on 
tooth behaviour because it is the fracture of bony hard tissues that are the most difficult 
injuries to treat. Kinney et al. (2003) support this view by stating a fracture mechanics 
approach is more appropriate than a strength-of-materials approach for the study of 
tooth failure. 
Although fracture occurrence is a common result of impact, the mechanisms by 
which it occurs are different under the high strain rates of impact and the controlled 
conditions of specimen fracture in the lab, as identified in bone by Piekarski (1970). 
Bone, dentine, and enamel are similar materials, as they are made from the same 
components. Bone is a much more common material of study because it is available in 
much larger quantities, and thus research on its behaviour can be of some help in 
understanding the hard dental tissues. 
In Piekarski's work, two mechanisms of fracture are identified relating to different 
loading rates, which is also supported by microstrain work by Bonfield (1952). These 
mechanisms vary further depending on the direction of the `fibres' (the microstrucural 
units such as dentinal tubules, enamel prisms and HAp crystals discussed in appendix 1) 
in relation to the plane of principal stress. The presence of small reversible inelastic 
strains in bone samples tested by Bonfield is yet more evidence of the complex 
behaviour of hard bony tissues. This supports the findings of Piekarski, which show that 
at low strain rates bone deforms plastically before failure, and under high strain rates 
cracks propagate catastrophically as expected in standard brittle materials. Evidence of 
this plastic deformation is seen in samples of dentine and enamel which have been 
fractured and photographed by Rasmusen et al. (1976). There is clear evidence of 'pull- 
out' or `cone' fracture of the hydroxyapatite crystals in enamel fracture cases, and the 
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same mechanisms are seen in the fracture of peritubular dentine in samples of dentine. 
In both cases the load is applied parallel to the `fibre' orientation. 
A major consideration to come out from the work of the authors listed so far is the 
influence of microstructure on fracture behaviour. In relation to this and the deformation 
of bone, Bonfield notes that because of the very different elastic moduli of the mineral 
and organic phases, it must be necessary for some plastic flow to occur upon loading in 
order to maintain continuity of the structure. Enamel's microstructure is significantly 
more crystalline than dentine and as such its fracture behaviour is somewhat simpler. 
The fracture experiments performed on enamel (Rasmussen et al. 1976) have shown 
that the course of the crack tends to travel through the organic matrix - unsurprisingly 
because it is more energy efficient - as the organic material yields at much lower loads 
than the HAp prisms. The plastic yielding of the organic phase may also absorb much of 
the energy in fracture and prevent catastrophic failure of the HAp prisms. Furthermore it 
was found that cracks in enamel propagate further in directions perpendicular to the 
occlusal surface (chewing surfaces) than in directions parallel (Xu et al. 1998). 
Rasmussen et al. noted a similar trend in fracture of dentine which was energetically 
more favourable perpendicular to the axis of the tubules. 
There have been three general fracture planes proposed based on the idealised 
keyhole model of enamel as shown in figure 2.5 (Rasmussen 1976). This microstructure 
is discussed more fully in appendix 1. 
Figure 2.5 Common fracture planes in enamel 
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Fractures in these planes are justifiable based on the high probability of a 
principal tensile stress developing (from a transverse or axial load on the tooth) 
perpendicular to these planes. Nevertheless there are still conditions under which the 
crystals cleave and cracks travel through the `fibre' components, particularly at higher 
strain rates. 
A study by Inglis (1913) on elliptical holes in a uniformly stressed plate showed 
that local stresses about a sharp notch or corner could rise to several times that of the 
applied stress. This early study showed that even sub microscopic flaws might be 
potential sources of weakness. Because of this behaviour in materials any sharp change 
in surface area can be inducive of high stresses and failure. Currey (1962) defined stress 
concentrators in bone as three types: 
" Surface discontinuities 
" Differences in elastic moduli of adjacent parts 
" Internal discontinuities 
In materials such as enamel, dentine and bone the complexity of their 
microstructure means that there are numerous areas where sharp changes in surface 
area, exclusions and other features could significantly raise any applied stress. In 
enamel, surface flaws should also contribute significantly to reducing its fracture 
resistance. They develop through cyclic loading in a harsh environment despite 
enamel's scratch resistant behaviour, but teeth rarely fracture under working loads. The 
complex hierarchical structures of the tooth and the surrounding tissues clearly shows 
applying standard ceramic and brittle material rules are inappropriate. 
Fracture data on enamel and dentine has shown dentine to be several times as 
resistant to fracture (Rasmussen et al. 1976). Wf, the work of fracture is defined as the 
amount of work required to form a new surface of unit area; in this case the projected 
normal area of the two fracture surfaces. The total work required to fracture a notched 
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specimen in three point bend was determined from load vs. extension curves by 
Rasmussen et al. Wfvalues of 550 J m2 for fracture parallel to the dentinal tubules, and 
270 J m-2 for fracture perpendicular were obtained for dentine specimens. Values of 
13 J m-2 parallel to the enamel prisms and 200 J m-2 perpendicular to the prisms were 
found in enamel specimens. The relatively high values for Wj- of dentine support the 
presence of a toughening mechanism such as plastic yielding ahead of the crack. 
Rasmussen et al. (1976) then go on to use a modification of the original Griffith 
equation where the surface energy is replaced by the Wf to define a critical stress as 
shown in equation 2.1. 
F EWf 
(2.1) 
c 
This formula gives the approximate critical stress for the material, which if 
equalled or exceeded will result in failure, where E is Young's Modulus and c is the 
crack length. Precise values of critical stress are dependent on the geometry of the 
object and the loading conditions, both of which are highly variable. Rasmussen et al. 
used their derived data on Wf and values of E from the literature to compare dentine and 
enamel. Using the high end values for enamel E, the Wfperpendicular to the prisms, low 
end values for dentine E, and the Wf parallel to the tubules (weaker direction) it was 
shown that dentine can withstand a critical stress 1.4 times higher than enamel. If a 
lower end value is used for enamel's modulus then the difference is up to 4 times. 
Kinney et al. (2003) suggest that Rasmussen et al. stopped short of equating Wfwith an 
intrinsic material property such as fracture toughness because of the difficulties in 
accounting for the yielding behaviour. Nevertheless El Mowafy & Watts (1986) did 
calculate KID (plane strain fracture toughness) and found a value of 3.08 MPa m12 
parallel to tubule orientation, and found an energy release rate (G IC) in good agreement 
with the earlier work of Rasmussen et al. 
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Yamada (1970) and Fabra-Campos et al. (1991) both present methods for 
dynamically determining failure properties of teeth based on the IZOD impact test. Both 
methods use whole teeth and approximate values for stress, strain and fracture surface 
sizes (e. g. dynamic fracture force, relative deformation and standard cross sectional 
areas). The impact snapping strength (a bending moment per unit area for a tooth 
dimension) for the maxillary canines were 0.95 ± 0.036 kg cm / mm2 (Yamada 1970) 
which was approximately 1.2 times higher than the rest of the teeth. The mean impact 
stress at fracture of maxillary incisors was 10.6 MPa (Farbra-Campos et al. 1991). 
As already stated, the major mineral component of enamel and teeth is 
hydroxyapatite (HAp). The behaviour in its pure form is significantly different from that 
of the teeth. A comparison of the data available highlights the benefits gained in teeth 
by combining HAp with organic and water content. A comparison of the fracture 
properties is given by Waters (1980) based on the modulus of resilience (energy to 
fracture per unit volume) assuming failure close to the proportional limit, which gives 
HAp at 0.58 MJ m3 and enamel at 0.93 MJ m-3, a 50% increase. 
Other tests on HAp have been reported (Shareef et al. 1993, Matsuno & Koishi 
1992) with varying pore sizes and densities, testing methods, and sample preparation 
techniques, where experimental values of fracture toughness have varied from 
0.24 MPa m1/2 to 0.8 MPa mlt2. Although these values are not directly comparable to 
those calculated by Waters it does show that the pore and particle size can have a 
significant effect on the material fracture behaviour and thus the importance of the 
microstructure in the teeth cannot be underestimated. Accordingly it is apparent that 
nature has created a material with comparable load bearing capabilities and improved 
toughness at the cost of a small reduction in hardness and stiffness, and managed to do 
this under atmospheric pressure at 37 °C compared with the 4 GPa pressure and 
1200 °C temperatures of the man made process. 
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Clearly the data gathered on whole teeth, enamel, dentin, and HAp are very 
different. This highlights the intricacies of structural vs. material response and their 
relationship which have plagued materials engineers working in the field of biological 
tissues. An important region in teeth which literally bridges this relationship is the 
dentine enamel junction (DEJ). Some interesting work on this region which may help 
partially explain the differences in whole teeth and materials samples is discussed 
shortly. 
2.10 Composite Behaviour 
All biological tissues can be considered composites. In the case of the bony hard 
tissues they can be generally considered as two phase composites (Katz 1971) although 
this does not describe their makeup completely. Two general cases, the Voigt and Reuss 
models have been used to describe composite modulus in terms of the constituent 
moduli and volume fraction (Katz 1971, Piekarski 1973). The Voigt model has been 
shown to provide a reasonable estimate of the composite's upper bounds and the Reuss 
model for the lower bounds. The average of the two is fairly close to most 
experimentally derived values. These models assume isotropy and homogeneity of the 
separate phases, but clearly this is not the case, leaving considerable room for 
improvement of the description. 
There is reason to suggest that standard engineering materials models break down 
for some hard biological tissues. It is generally considered that a composite may not 
possess characteristics greater or less than those of its constituents. For instance, bony 
tissues cannot have an elastic modulus greater than HAp (Rasmussen et al. 1975, Spears 
1997). Nevertheless researchers have also suggested that this is actually entirely feasible 
(Katz 1971). Lakes (2001) proposed why some composites may possess unexpected 
properties. The theory is reliant on the existence of materials with negative Poisson's 
ratio, which occur as a result of a novel microstructure, and phase transitions. There are 
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several mechanisms and hierarchies of structure at work within these tissues that are not 
fully understood. 
Another significant process which should be highlighted in regard to the 
behaviour of these composites is their ability to work harden, which may also be partly 
responsible for the toughening mechanism noted in fracture tests at low strain rates. 
Although it is known that the constituents such as HAp crystals and collagen fibres do 
not undergo such changes on their own, it has been suggested that they behave very 
differently as part of the composite. Fong et al. (2000) state that an amorphous material 
and a polymer matrix could be crystallized locally, and porous polycrystalline ceramics 
can be significantly densified locally, under an applied load. Consequently, either 
enamel or other HAp-collagen composite materials in tooth may deform by some 
unknown mechanism(s) in the vicinity of the indenter, thereby modifying the local 
structure of the material. 
In bone it has been shown that there is a significant increase in Young's modulus 
with strain rate (Walsh et al. 1994, McElhany 1966). The strain rates used by Walsh et 
al. were 2.65x10"3 s'1 and 2.65x10"1 s'1 in uniaxial compression. These are much slower 
than those found in impact. There is also insufficient evidence to prove that this strain 
rate hardening trend continues comprehensively with strain rate. In fact most of the 
fracture and variable strain rate experiments suggest that there is a limit to this 
behaviour. A possible reason for this may be the time it takes for the strain rate 
hardening mechanisms to take effect. In cases of impact, yield stresses and fracture 
initiation may occur before any significant strain rate hardening is accomplished. 
The complexities of determining accurate values for stress, strain and crack size in 
dynamic impact tests, especially on small non-uniform composite samples have 
generally encouraged researchers to use standard crack propagation methods, instead of 
developing non-standard tests which would prevent comparison with previous results. 
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Standard tests still do not describe the failure behaviour of the microscopic components 
of the tissue (i. e. cells). The behaviour of teeth when supplied with blood and 
surrounded by various other tissues is very different to when tested externally or even in 
cadavers. Thus although the materials tests reviewed here present an interesting 
quantitative way of defining the fracture properties of teeth, the necessity for 
understanding different failure behaviour in situ is clear. 
2.11 Dentine Enamel Junction (DEJ) 
The region where the enamel stops and the dentine starts is known as the DEJ. It 
is thought to have a primary role in the transfer of minerals from the dentine to the 
organic matrix, which occurs during enamel development. Aside from the 
developmental role in mineralisation of the enamel, the DEJ is also the junction 
between two distinct materials. It should therefore be a source of structural weakness 
and encourage delamination and crack propagation when teeth are fractured, but there is 
no evidence of this. In fact it has been suggested that the DEJ exhibits novel material 
characteristics that improve the structural integrity of the tooth (Sarikaya et al. 2002). 
Further details are available in appendix 1. 
2.11.1 DEJ Properties and Tests 
So far the materials within the teeth have been considered as discrete, because of 
their clear differences in structure, or the tooth has been considered as a single unit. 
There has been relatively little work on the transitory zone between the two main 
materials, dentine and enamel. 
The DEJ plays a critical role in transferring stress from the hard enamel to the 
softer dentine efficiently in order to preserve the tooth (Sarikaya 2002). Sarikaya made 
nanoindentation measurements using an atomic force microscope across the junction. 
According to the readings the hardness varies from -3.5 GPa to -. 0.5 GPa, and the 
elastic modulus varies from -85 GPa to -20 GPa over a 25 µm width. Similar results 
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were found by Fong et al. (2000) using nanoindentation, and by White et al. (2000) 
using a microindentation method. 
Crack resistance across the junction was experimentally and computationally 
investigated using bovine samples by Lin & Douglas (1994). They used chevron- 
notched short-bar specimens configured to allow the crack to propagate from enamel 
through the DEJ to the dentine. Values of 3.38 ± 0.4 MPa m112 for Kic and 988.42 f 
231.39 J/m2 for GIc were calculated from the force displacement curve. The stress 
intensity factor used to calculate fracture toughness was then derived from an FE model 
of the sample. Clear fractographic evidence of crack tip blunting and deflecting was 
seen in region of the DEJ, thus proving the importance of the region in preventing more 
serious tooth fractures. 
2.12 Pulp 
Only a brief description of pulp will be given here because it has little structural 
importance. Finite element models of teeth have been used which exclude the pulp 
(Cummins & Spears 2002) because it is basically a gelatinous mass, with little structural 
influence, although it may have some importance in stress wave propagation. 
The dental pulp is the organ of the tooth. It is also important for the supply of 
minerals to dentine, in the defence against infection, and in pain sensation. For these 
reasons the pulp has a rich blood and nerve supply which enters the cavity from the 
apex of the root through the root canal. Changes with age affect the form of the pulp as 
they do with other regions of the tooth. There are occurrences of calcification in the 
pulpal region, although the causes are still unclear. Some have suggested it may be due 
to pathologic changes (Osborn 1976), and others have suggested protective mechanisms 
(Scott 1982), specifically those that fight infection. Furthermore a reduction in the 
relative size of the cavity is seen with increasing amounts of secondary dentine 
formation in older teeth. 
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2.13 Gingiva and Oral Mucosa 
Other than the tooth structure, the jaw bones, and the TMJ there are also other soft 
tissues surrounding the tooth that are prone to injury. These are known collectively as 
the periodontium (perl = around, odont = tooth). 
The oral mucous membrane (oral mucosa) lines the fleshy surfaces of the oral 
cavity. It has the same basic structure and function within all parts of the mouth, 
although it is modified in certain regions in accordance with the different roles it plays 
(localised specificity). Its major functions are the protection of the underlying tissue 
from harmful environmental agents and enabling the passage of sensory information 
(Scott 1982). 
The number, arrangement, and type of the collagen fibres that make up part of the 
various soft tissues throughout the human body are the fundamental reason for different 
mechanical behaviour. Although there are several other types of fibres which can 
control the viscoelastic behaviour and recovery of the tissues, it is believed that the 
collagen provides the basis for structural integrity in tension. Its ability to recover 
elastically is much less than that found in elastic proteins such as elastin. Elastin fibres 
are found in lower quantities than collagen proteins but are still significant in the soft 
tissue behaviour. 
Figure 2.6 shows the regions of the gingiva around the teeth and the attachment in 
the middle called the fraenum. This ligamentous attachment is a major consideration in 
maxillary mouthguard design. 
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2.14 Periodontal Membrane (PDL) 
The periodontal membrane or periodontal ligament (PDL) connects the teeth to 
their sockets. It consists of four morphological components: cells, vessels, fibres and 
interstitial fluid. The principal fibres of most interest run in bundles that can be 
categorized based on their alignment, which can be seen in more detail in appendix 1. 
Surrounding the assortment of loose connecting fibres are blood vessels and nerves that 
populate the remaining space. The PDL plays a key role in tooth mechanics and has 
been an area of considerable research over the past decade based on its importance in 
new tooth implant technologies. (Buser et al. 1990, Caiazza et al. 2001, Genna et al. 
2003, Corradi & Genna 2003). 
There are a significant number of fibrous elements to the PDL that generally 
function under tension, but these are not the only important part. There are also vascular 
elements to the supportive tissue, which include the tissue fluid of the membrane and 
the volume of blood within the vascular supply. Scott (1982) describes these fluid or 
semi-fluid elements very clearly. They constitute a hydrodynamic system which is 
capable of damping down tooth movements and producing recoil effects when a tooth 
has been subjected to brief intrusive pressure; this behaviour can be considered similar 
to that of a squeeze film. 
2.14.1 PDL properties and Tests 
The PDL is without question the most mechanically complicated tissue in this 
system. It is well known that the mobility of the tooth varies continuously in single teeth 
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Figure 2.6 Arrangement of gingival mucosa 
from day to day and even hour to hour. The fundamental issue to address is what affect 
does the PDL - the cause of tooth mobility - have on the behaviour of teeth when 
impacted. There has been a large amount of research on the behaviour of the ligament at 
slow loading rates. The work has taken the form of mechanical testing, generally in situ 
on animals (Bien & Ayers 1965, Wills et al. 1972, Fukui 1993), analytical modelling 
(Hay 1939) and FE modelling, some of which have attempted non-linear, viscoelastic, 
anisotropic behaviour (Povatidis 2000), others which have assumed linear elasticity 
(Miyakawa 1976, Tanne 1991, Sato et al. 1998), and one that developed a new interface 
law for application within FE software (Gei et al. 2002) 
Without a doubt the PDL is of importance in supporting the loads experienced by 
teeth during masticatory cycles, and has been shown to be of high importance in 
orthodontics (Wilson 1991), where small deformations occur over long periods of time. 
It is clear that the PDL is very important in tooth behaviour and support, and a number 
of authors have suggested that this importance is also valid for traumatic tooth injuries 
(Fabra-Campos 1991, Andreasen 1994). There is mechanical evidence to support these 
claims when considering the areas of maximum stress in a theoretically loaded tooth, 
and also in the fracture patterns found in injury studies (Andreasen 1994). More detail is 
given in chapter 3. 
Typical stress strain curves of soft biological tissues such as tendon and ligament 
exhibit a non-linear toe region where the amount of strain is non-proportional to the 
stress. Figure 2.7 shows a typical curve for such a material. This is consistent with in 
vivo experiments conducted by several authors (Parfit 1960, Bien 1966 and Wills et al. 
1972). Wills et al. noted the initial rapid displacement of the tooth when loaded 
followed by a slow creep phase, and similarly when the load is removed there is an 
initial fast return and then a slower creep to its original position. The initial rapid phase 
has been associated with the unfolding of the fibre bundles and in the slower second 
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phase the mobility of the tooth has been associated with elastic deformation of the bony 
socket rather than PDL (Wills et al. 1972). This elastic effect of the socket has since 
been shown to exist at higher loads, and at lower loads it is inactive (Wills et al. 1972), 
thus there must be another mechanisms at work instead of socket deformation, possibly 
the squeeze film effect. 
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Figure 2.7 Typical stress strain curve for soft tissue 
Standard viscoelastic behaviour can be explained simply with models developed 
by Maxwell and Voigt, which combine Newtonian dampers and elastic springs in series 
and in parallel respectively, to form their elements. Different authors have considered 
different combinations of these model elements when discussing PDL behaviour. The 
force displacement measurements of teeth conducted to validate these hypotheses have 
provided much scope for discussion. Early work by Bien (1966) showed that the 
behaviour could be described by a single Maxwell element. However since then Wills et 
al. (1972) came to the conclusion that the viscoelastic behaviour is described better by a 
series of 3, or possibly 5 Voigt elements. Other research has used hyperelastic 
constitutive models (Genna et al. 2003), but most researchers have used standard linear 
elastic material models when incorporating the PDL into a tooth socket system using FE 
techniques. Rees and Jacobsen (1997) summarise these values: they range from 0.07 to 
1750 MPa, and the Poisson's ratio varies from 0 to 0.49. Such a range of values only 
serves to show the clear inadequacy of linear elastic assumption. 
Natali et al. 2002 use a multi-phase constitutive model in FEM to provide a good 
approximation of the PDL's behaviour under low loads, and low rates of loading which 
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is validated by in vivo results in the literature. However the PDL behaviour under high 
loading rates and large loads that can cause injury is still not understood. There has been 
some work that has used various rates of displacement on teeth to examine strain rate 
dependence (Chiba & Komatsu 1993). However the highest rates of tooth displacement 
used by Chiba & Konatsu were only 1.2 mm s'1. Nevertheless, they did find significant 
increases in maximum shear stress, tangent modulus, and failure strain energy density 
over increasing loading velocities. Although behaviour at impact strain rates is 
unknown, the viscoelastic behaviour of the fluid component can be considered non- 
newtonian. Based on the results in the literature the PDL appears to get `harder' with 
strain rate, which could be a result of the conical shape of the socket, or dilatant and 
strain rate hardening properties of the fluids and fibres. 
2.15 Lips and Tongue 
The surfaces of lips and tongue are made up of the same family of tissue 
described for the gingiva. The mechanical properties of these surface components vary 
from the inside of the lips to the outside and also across the surface of the tongue. Both 
the lips and tongue also consist of muscles which primarily define their behaviour. 
The role of the lips must be considered from two perspectives. The first is the 
tissue as an area at risk and the second is as an interposing layer between impactor and 
the dentition. The tongue shares a similar role as a tissue at risk but is of relatively little 
importance in altering the impacts that occur, unless trapped between the jaws. 
Little data is available on the properties of the lips, especially as a function of 
various loading rates. Ho et al. (1982) examine the compressive behaviour of the lips. 
They attempt to define lip behaviour in the vertical plane (deformation occurs vertically 
as opposed to transversely). An insight is given into the behaviour of the lips and a 
second-degree polynomial fit for the force displacement behaviour is suggested. Despite 
the difficulty in transferring results on lip behaviour from one experimental case to 
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another under different conditions, the effect of the lips on the load applied to the teeth 
can not be completely ignored. 
It may be possible to consider the lips as a soft contact surface as described by 
Kao et al. (2003). Kao et al. show how Hertzian theory can be extended to include non- 
linear materials such as viscoelastic tissues by including an exponent that varies 
according to their strain rate hardening. Quantifying the behaviour of the lips exactly is 
not possible presently, but as with the other materials of interest in this study they can 
be generalised. 
2.16 Conclusions 
Throughout this chapter numerous methods have been reviewed. The different 
techniques used to obtain materials data use human samples, a variety of animal 
samples, and also various forms of important structural minerals such as HAp. The 
methods used include ultrasonic testing of acoustic impedance for the derivation of 
relative elastic constants and moduli, mechanical tests on hardness, compressive and 
tensile strength, frictional coefficients, impact snapping energy/strength, nano and 
micro-indentation, as well as mechanical strain gauge techniques used to validate FE 
models and photoelastic stress methods such as Wang & Weiner (1997) and Farah et al. 
(1973). The data reviewed is derived from a number of different sources that use the 
various methods listed above. Chapon (1984) provides a useful overview of the 
common methods used for investigating biomechanics of impact. He makes it clear that 
it is not only the ethical considerations that prevent in vivo experimentation but also the 
fact that accidents are transitory and unforeseeable, which makes them impossible to 
replicate. 
The constitutive relationship of a material - that is, the thee-dimensional 
relationship between its stresses and strains - defines its mechanical properties. The 
corresponding parameters that model this behaviour can easily be obtained for standard 
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materials by conventional tests. Deformation is put into a number of categories such as 
elastic, plastic, and visco-elastic. This is not the case for tissues because of the extreme 
difficulty in performing three-dimensional tests, particularly in soft tissues, with their 
large deformations, non-linear properties, and susceptibility to deterioration (Chew 
1986). Obtaining regular shaped specimens is difficult, and properties vary widely not 
only between individual sources, but also with test technique, time, temperature, 
hydration and other environmental factors. Hence the data presented in the literature is 
often vague, contradictory and difficult to apply with confidence to other situations. 
Not only is it the composite hierarchical nature of the materials that make it 
difficult for researchers to understand them, but also the fact that they operate within the 
human as part of a highly complex system. It is clear that soft tissues can rely heavily 
on their internal fluid pressure for integrity and functionality, and when these tissues are 
sampled or cadavers are used, the flow of blood and thus the pressure is interrupted. 
Consequently often the best approach to investigating a large system that consists of 
many complex materials is to make a simple first approximation using linear elastic, or 
other suitable material models, which allows a more global general behaviour of the 
system to be obtained. 
Although the materials and structures are very complex, a broad, relatively simple 
view of the biology has been presented for the engineer, and similarly a broad review of 
the material data has been presented for the interested dentist. In the following chapters 
more general information on injuries and impact is presented followed by a review of 
mouthguards, and then development and implementation of an experimental approach. 
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Chapter 3 Impact and Injuries 
3.1 Introduction 
The initial background to the biological system of study is covered in chapter 2, 
which defines the tissues at risk, their behaviour and interrelationship. Because of the 
difficulties in understanding these materials and the complexity of the situation, an 
engineering approach which relies on standard tests is not sufficient. To complement the 
materials knowledge and better understand the tissues, their behaviour in reality is 
considered. This chapter looks at the reality of injuries and attempts to create a 
mechanical understanding of how they occur and how data can be gathered. It provides 
a simple view of the injury spectrum, a concise outline of the variety of dental injuries 
and the different techniques used for gathering data on injuries (epidemiological and 
experimental). 
It has proved particularly difficult for the research community to get accurate 
quantitative data on the loading conditions that cause injury. In this chapter the 
fundamental principles of impact will be presented and considered together with broad 
data on injury to provide a basic insight and approximation into the loading conditions 
that may cause injuries. 
3.2 Injuries 
Assessing the role of the mouthguard as a protective device requires a definition 
of injury. The particular definition is important when considering the reliability of 
statistical data on types, severity, and frequency of injuries, which are often used as 
indicators of the success of protective devices. 
The word injury has a tacit understanding in most people, but there are many 
definitions found in the literature, which will be grouped into three types here. The first 
type of definition is used by authors such as Viano et al. (1989) and Andreasen (1994). 
Andreasen, with specific reference to dental injuries states "an injury can be defined as 
33 
an interruption in the continuity of the tissue", whereas Viano states "an impact injury 
to the human body is caused by deformation of biological tissues beyond their 
recoverable limit, resulting in damage to anatomical structures or alterations to normal 
function". Perhaps the most sufficient although least precise is the dictionary definition 
of injury which states "damage or harm done to or suffered by a person or thing". These 
definitions suffice for medical use because the injuries can then be described in more 
detail using medical terminology. However the study of injury prevention usually 
utilizes one of the other two types of definition. 
The second general way of defining an injury is in terms of time lost from the 
sport (Ankrah 2002). A current injury study supported by the Rugby Football Union and 
conducted by Brooks et al. (2005) collates data on the nature of injuries to rugby 
players where injuries meet the following criteria "any injury that prevents a player 
from taking a full part in all training activities typically planned for that day, and match 
play for greater than 24 hours from midnight at the end of the day the injury was 
sustained". So if a player could take part fully in training 2 days post injury, it was not 
recorded as part of this study, thereby excluding the minor transient injuries, such as 
bruising, cut lips/cheeks and even exarticulated (removed) teeth. Obviously such a 
definition disregards several types of injury, particularly dental ones, and hence could 
give very skewed statistical results if the effect of mouthguards was going to be 
considered. 
The third type of injury definition found in research in this area uses the 
Abbreviated Injury Scale (AIS). The AIS is a 10 point scale that ranges from 0 to 9 and 
rates the severity of the injury according to Ankrah (2002), but can take other forms 
such as the 6 point version as well (www. trauma. org, 2002). 
Dental injuries are arguably the most common type of orofacial injury sustained 
during sport (Wood 1972, Scott 1994). Proof of this can be seen from the injury 
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statistics provided by the American National Electronic Injury Surveillance System, 
which is used in the United States to document the number and areas of injuries in a 
range of sports. This database has been used in several of the studies referenced in this 
chapter. Table 3.1 is an extract from Kerr (1986) which shows a significant number of 
injuries to the mouth and face in one year, 1984,170,000 in total. 
Sport Number of injuries to the 
mouth and face 
Total injuries reported 
Baseball 75,765 
Unorganised 16,384 
Organised 26,054 
Ice Hockey 7,778 
Field Hockey 1,324 
Wrestling 4,912 
Boxing 1,408 
American Football 
Organised 8,251 129,419 
Unorganised 15,081 186,829 
Pick-up 9,237 108,635 
Table 3.1 Number of orofacial injuries in relation to all injuries for some American sports 
3.3 Injury Etiology 
Injury etiology is the study of cause and origin of injuries. Sports injury treatment 
and research is a massive field with each sport and injury type providing distinct 
nuances. Often injury researchers will try to provide a broad conceptual model of what 
an injury involves in an attempt to understand them. 
The first steps in protecting from injury requires identification of the injury. If the 
correct medical supervision is available then the diagnosis is normally easy, but it 
requires more than a diagnosis to be able to implement preventive strategies. After an 
injury has been recorded the first step to understanding its cause is the first step in 
preventing it. There are many factors that alter the vulnerability of structures such as the 
dentition and surroundings. Meeuwisse (1994) suggests a model defining relationships 
between these factors, as seen in figure 3.1 
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Figure 3.1 Meeuwisse multifactorial model of athletic injury etiology 
It is clear from figure 3.1 that injury is a very complicated scenario, with many 
factors affecting the outcome, all of which are important to understand when attempting 
to protect the athlete from injury. Although this is only one view of the sports injury 
problem, and there are many, most other models such as those developed by Bahr & 
Holme (2003), and van Mechelen et al. (1992) are similar, at least in part. 
There are three stages of the athlete in figure 3.1: predisposed, susceptible, and 
injured. A protective device such as the mouthguard is designed specifically to protect 
the user from the inciting event, which is best considered in relation to mechanics. 
However it is an extrinsic factor that may affect the condition and attitude of the user 
also. The predisposed athlete and the susceptible athlete stages shown in figure 3.1 are 
just as important to consider, although they are distant from the outcome and are 
therefore more difficult to link directly. 
Epidemiological techniques are generally considered the best way to obtain 
information on risk factors, although it is acknowledged that their quality varies widely 
(Phillips 2005). A review of the current epidemiological literature is given next, and 
then research into the mechanics of injury is considered later. 
3.4 Epidemiology 
Simply put, epidemiological studies deal with the cause and distribution of 
injuries in populations. They are particularly important because they are a primary 
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source for gathering data on injuries in reality. Dental injuries can be defined in many 
different ways, as with injuries in general. Various epidemiological studies have used 
different classifications of injury thus making it difficult to compare them (Bastone 
2000). These studies are not solely based on groups of sports participants but often 
include data on many other causes of dental trauma, such as car accidents and falls, for 
which the use of mouthguards in such situations is open to debate. Bastone et al. (2000) 
in their review of dental trauma epidemiology splits epidemiological studies into two 
types, retrospective and prospective. 
A prospective study watches for outcomes, such as an injury occurrence during 
the study period, and relates this to other factors such as suspected risk or protection 
factors. The study usually involves taking a cohort of subjects and watching them over a 
long period. The number of outcomes observed should be big enough to be statistically 
meaningful (distinguishable from those that may have arisen by chance). If the 
occurrence is rare, the size of the population can become too large to manage and a 
retrospective approach is often adopted. 
Retrospective studies look backwards and examine exposures to suspected risk or 
protection factors in relation to an outcome that is established at the start of the study. 
Most sources of error due to bias are more common in retrospective studies than in 
prospective studies. For this reason, retrospective investigations are often criticised. 
Some examples of various retrospective and prospective studies are given in the 
remainder of this section. 
Jarvinen (1979) and Stokes (1995) both carried out studies that linked incisal 
overjet (protruding incisors) to an increased risk of dental injury. This is a good 
example of an intrinsic risk factor being linked to injury, and it can also be logically 
argued from a mechanical point of view. 
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Chapman (1988) suggested that there is a greater risk of sustaining an injury in 
higher grades of competition, although there is no evidence provided for such a 
speculative claim. Ankrah (2002) suggested that it might be a result of the more 
aggressive attitude of professional and older athletes, whereas younger participants with 
less aggression and more flexibility experience fewer muscular injuries. 
Professional Rugby players (high grade competitors) are exposed to larger 
impacting masses and velocities, but their superior technique and conditioning (stronger 
tissues) can counteract these increases. Although they have more exposures to greater 
impact energies, it is incorrect to suggest they are at a greater risk unless the injury rate 
per playing hour is compared, and even this does not show the whole picture. There are 
many other factors as well, such as amateurs tending to play with injuries, which is not 
worth the risk for the professional. Neither will amateurs receive the immediate 
professional diagnosis, advice and care provided by a team of medical staff. 
The retrospective approach of authors often involves using databases kept at 
hospitals, primarily for the benefits of large sample size. However this means they 
suffer from lack of information regarding the event, because common causes are 
described with one or two words such as accident or fall, which is a disadvantage 
compared with prospective studies which allow much more detailed information to be 
gathered. 
Epidemiological studies often give information regarding the age group of the 
participants, what sports they are playing, and other general information which is then 
used to highlight the most at risk groups. Some studies give an idea what populations in 
what sports are experiencing the most injuries, but not why, or how which should really 
be the focus of injury research. The most simple and most common types of 
epidemiological study, such as that carried out by Flanders et al. (1995) just give an 
incidence rate for a group. 
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Distinctions in participant groups have been made by sport by Sane & 
Yipaavalniemi (1988) and Gassner et al. (2000). In general these comparisons show 
which sports do not enforce mouthguard use because their dental and oro-facial injury 
incidence are much higher. Many of them are also used to classify the different types of 
injury in the sport (Cromwell et al. 2000). Examples of dental trauma groupings by 
cause used in several studies include: bicycle, fall, violence, accident and hit by a ball. 
Specific sets of studies have concentrated on participant groupings for specific 
countries (Levin et al. 2003). There are benefits for the individual countries in terms of 
promoting mouthguard use but the contribution to preventing dental injuries globally is 
minimal. To derive more appropriate data on the collisions that cause injuries it is 
important that research techniques be adapted to involve some kinetic and kinematic 
aspects of injury analysis. 
Most epidemiological and pathogenesis investigations have provided almost no 
information about the injury mechanism, but a few of those that do are considered next. 
One such study of note was conducted by Oikarinen (1987). The approach merits 
some praise because an attempt to derive the actual cause of injury can be seen. 
Oikarinen defines this as the mechanism of injury by classifying the shape and 
resilience of the impacting object. The results show a higher incidence of PDL tissue 
injuries than hard tissue injuries for collisions with resilient objects. They also show on 
average a larger number of teeth involved for these type of injuries. This type of 
information is very useful because it can be linked to mechanics. Alternative 
information such as `injuries from group sports involve more teeth' is not so insightful. 
An earlier example of classifying the impact object was shown by Andreasen 
(1970). He suggests that the supporting structures of the primary dentition are weaker 
and thus will fail at lower loads than those of the permanent dentition, or that they are 
more `flexible' and thus encourage movement, resulting in tooth dislocation type 
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injuries (luxation), rather than rigidity resulting in fracture. Tooth fracture was 
considered the dominant injury type to the permanent dentition, which suggests the 
supporting structures can withstand a higher load than the teeth. Although this may be 
the case the data cannot be considered conclusive because the exact nature of the loads 
are unknown. Children may fall and collide in a different manner to adults that 
determines the specific type of injury. Further links were found between indirect trauma 
and injury to the posterior teeth (molar/pre-molars). This seems logical when 
considering how the maxillary and mandibular dentition come into contact. Lip injuries 
were also associated with involvement of supporting structures. In this case it is 
probable that the lips slow down the impact somewhat and increased the contact 
duration, as well as preventing direct rigid to rigid contact, thus encouraging the tooth to 
move in its socket instead of fracturing catastrophically from the contact stresses. 
Despite many of the shortcomings of epidemiological studies in understanding 
injury, some findings are relevant, not purely in determining risk factors or speculative 
evidence on injury mechanisms, but in assessing preventative measures such as 
mouthguards. The best examples of successful epidemiological studies on mouthguards 
have shown both their success in preventing injuries (Scott et al. 1994, Sane 1998, 
Banky & McCrory 1989, Chapman 1993, Gassner et al. 2000, Lephart & Fu 1991, 
Garron et al. 1986, Jennings 1990) but also their failure too (Blignault et al. 1987, 
Bohuis et al. 1987). 
Nachman & Richardson (1965) recorded that 6% of a sample population had 
received a dental injury while playing football in a season, and of these 53% of were 
wearing a mouthguard at the time of injury and 47% were not. The clearest proof of 
mouthguard effectiveness is seen in the reduction of dental injuries in American football 
(Johnsen & Winters 1991). Since 1959 various protective clothing and devices have 
been introduced, each arguably contributing a little more to the safety of the 
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participants. Mouthguards were made mandatory by the National Collegiate Athletic 
Association (NCAA) in 1974. A study by Heintz (1982) after the introduction of 
mouthguard in American Football shows a reduction of dental injuries from 50% of the 
total number of injuries to I%, although this was in addition to the face grill and helmet 
that were already in use. 
There have been cases of authors such as Newsome (2001) and Chapman (1989) 
specifying that professionally fitted, custom fabricated guards provide more protection, 
but they provide no evidence. Fundamentally the protective mechanisms of all types of 
maxillary guards should be the same. Further description of mouthguard types are given 
in chapter 4, the protective mechanisms they utilise are introduced, and then they are 
investigated and defined clearly in chapters 8,9, and 10. 
The predisposing factors to injury invariably affect the outcome of the event 
somewhat, but their influence may have been overemphasised. It is still possible that a 
participant without high risk factors will experience injury. Furthermore it is difficult to 
alter intrinsic or extrinsic risk factors immediately, although training can be 
implemented over a longer period, as can rule and equipment changes. In terms of 
prevention, arguably the most important area is the event itself. The mouthguard is an 
example of a device that is designed to alter the impact event. However understanding 
the event and how it is altered is much more difficult. 
3.5 Impact Conditions 
Knowing the loading conditions is of the utmost importance in determining the 
mechanism of injury. Different impacts can be grouped according to their similarities 
which help simplify the variety of loading conditions. Although repetitive blows do 
occur in sports such as martial arts, they cannot really be considered as cyclic, and 
hence most catastrophic dental injuries can be considered the result of a single transient 
blow. 
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There are three types of high risk collisions in sport according to Plagenhoef 
(1971), and each situation may involve penetration or non-penetration. 
" Impact directly on the body by an object of known mass 
" Impact of a held implement with an object of known mass 
" Impact directly on the body by an unknown mass 
Any of the above impacts can fall into one of two categories when referring 
specifically to the dentition. The first is direct, where the objects come into direct 
contact with the dentition, or possibly through the lips. The other is indirect, where a 
forced collision between the dentate maxilla and mandible occurs as a result of the 
initial impact. This can take the form of a blow to the chin which rapidly closes the jaw, 
or it could be as a result of many other blows like one to the back of the head which 
results in the same forced jaw closure. Some of these impacts and how they result in 
injuries are described in more detail later, but for now the techniques used to investigate 
impact injuries are reviewed. 
Understanding impact requires a detailed knowledge of material mechanics 
including linear elasticity, non-linear and time-dependent deformation and failure such 
as viscoelasticity, plasticity, fracture, stress wave propagation, vibration, and other areas 
such as rigid and deformable body motion to name a few. Of course these are applicable 
in 1,2, or 3 dimensions depending on the nature of the problem, and generally they are 
reduced from 3D (reality) to simplify the analysis. Understanding these areas becomes 
more difficult when they are applied to tissue injury because of the complex materials 
involved. 
To analyse the effects of an impact it is convenient to divide the event into three 
periods: before, during and after. In order to undertake a reasonable analysis the mass 
and velocity of both objects before and after impact should be obtained, from which the 
kinetic energy is derived. This is relatively straightforward, even with multiple segment 
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objects such as a human. The difficulties really arise when attempting to understand 
what happens during the contact period. This period can be defined by 4 parameters: 
contact duration, contact area, contact stress, and deformation. Clearly these are 
interrelated and are a function of the material behaviour, which is normally influenced 
by strain rate (depending on the material), the object's shape, impact energy, and 
interfacial friction. The dynamic nature of impact means these values are constantly 
changing. Thus because of the complexity several simplifications can be made. 
The first simplification deals with multiple segment objects, i. e. a human made up 
of multiple segments (forearm, upper arm etc), with or without equipment. It is difficult 
to define the mass of a specific segment precisely because of the influence the other 
segments have on the contacting segment. The concept of effective mass can be used to 
simplify this problem. Effective mass can be considered as the mass of a single body 
that produces the same peak impact force as the real multiple segment arrangement 
during an impact. Although this provides a method for reproducing the real impact, the 
force time history will probably not be reproduced accurately. Aspects such as whether 
the player is expecting the blow or not can alter many things including the relative 
stiffness of the player, resulting in different force time histories for similar impact 
object conditions. 
Plagenohoef (1971) shows the effective mass of the body or body segment and 
also the impacting object, if linked to the body, are directly dependent on the rigidity of 
the multiple strut arrangement of the human body. Levels of grip on rackets and clubs 
determine the effective mass of the held objects. Relaxation or tension of muscle groups 
also affects the speed of moving segments and the ability of them to withstand loads 
directly. Muscles are also important in maintaining stability, which if lost can result in 
body positions which are more prone to injury. 
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Materials found in biological and biomechanical systems are often complex non- 
linear composite materials as shown in chapter 2. When deformations are small and 
materials are linear elastic, general relationships can be established among loads, 
deflections and stresses in structures, thus there is no need for simplification. However, 
when deformations are large, materials are non-linear and time dependent effects occur, 
linear small deflection behaviour is still often used a basis for analysis (Macaulay, 
1987). Analogous with this statement is the fact that real systems are energetically non- 
conservative, but it is more convenient to analyse them as if they were conservative. 
This simpler analysis often gives a clearer insight into patterns of behaviour. 
Corrections for energy losses can be incorporated later. However each simplification 
takes the solution further away from reality, and thus they must be carefully justified. 
The velocity of most impacts in sport are medium to low, compared to the fast 
velocities of ballistic and explosive events. This means strain rates from 1 to 102 s'1 are 
applicable. Confining the strain rates to this region allows their effects on materials to 
be simplified (Macaulay, 1987). Although at these impact velocities the effects of stress 
wave propagation are probably negligible, the relatively long contact time means that 
the rest of the structure can affect the overall behaviour. 
Simplifications are readily justifiable and necessary to develop workable 
experiments that will derive the necessary data. Disregarding many of the differences 
between patients, and assuming a consistent geometry, allows a general approach to be 
used. The next section looks at several examples of how impact data can be gathered, 
and what relevance it has. 
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3.6 Modelling and Measuring Impact Loading Conditions 
This section describes some of the current techniques used for gathering data on 
impact events, in particular those that are involved in injury. Two general approaches 
are considered, but these are not the only two approaches to deriving impact data. There 
are many standard methods for investigating impact, such as IZOD and CHARPY 
(defined by many standardizing bodies such as the British Standards Institute), which 
are simple methods for studying complex scenarios by measuring the relative amount of 
energy lost in an impact. Another method that holds promise is the use of video to 
derive information on the impact injury. This is briefly outlined in appendix 2. 
The methods described next are methods used to investigate the impact of a 
complex real event, such as a blow to the face. The most common approach involves 
modelling the event in an attempt to replicate injuries and link controlled, known inputs 
or impacts with the results or injury. Often physical modelling is combined with FE 
modelling. This approach aims to produce a computer model which behaves similarly to 
the physical model. In practice it is difficult to achieve this similarity for complex 
systems, but improvements are consistently being made. 
There have been four general experimental methods used for investigating, and 
thus reproducing trauma in biological systems. In two cases they have been applied 
specifically to dental structures. It is necessary for these methods to utilise something 
close to the correct structure for the results to be meaningful. In situ tests of this nature 
are ideal for deriving behaviour on mouthguards during the impact event. 
3.6.1 Volunteer 
Using human volunteers is the least common experimental model of trauma 
biomechanics. The volunteer provides an excellent model for testing because they are 
an exact working replica of the system being examined. However there are obvious 
limitations associated with using human volunteers. 
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The volunteer cannot be subjected to levels of impact likely to produce permanent 
injury. This stops the full range of different mechanisms, which may change with 
severity of impact being investigated. The injuries caused by smaller forces 
undoubtedly do not have the same mechanisms of injury as those that occur from higher 
impact forces. When modelling dental trauma it is far more dangerous for the volunteer 
than when testing other parts of the body, because of the proximity to the brain. 
Therefore this type of model has not been used thus far for dynamic studies of dental 
trauma. 
Chapon (1984) noted that groups of volunteers would generally consist of young, 
healthy males and although this is probably the primary group of sports participants, 
any study conducted to understand general mechanisms of injury should have a broad 
range of subjects to allow any differences to be spotted. Chapon also noted that 
volunteers had a high rate of muscular activity immediately before an accident and 
given time they developed a strategy of anticipation that became effective after several 
tests. Moreover, this is an important example of a participant's ability to adapt to an 
expected impact, a natural mechanism that should be considered in future modelling. 
3.6.2 Animal 
The main advantage of using live animals is that they can be subjected to high 
forces, but the moral issues involved here are complicated and they are for the 
individual researcher to consider. 
It is important to consider what species to use. Anatomically, animals are very 
different to humans and therefore the type of injury being examined will dictate what 
type of animal to use. Studies were carried out by Johnston et al. (1996) using sheep 
mandibles, where they noted several important differences in the bone morphology that 
influenced the results significantly enough for them to be inappropriate when applied to 
the human situation. Preparing a live animal for dynamic dental experiments is difficult 
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because animals are not used to wearing mouthguards and so this method has not been 
used fully. 
A final important point to consider in animal experiments is their suitability to 
controlled experimental conditions; animals of the same sex, weight, and age can be 
selected to reduce the spread of results and therefore increase statistical accuracy of the 
experiment. 
3.6.3 Cadaver 
There are many experimental possibilities available when using cadavers. They 
provide a great specimen in terms of morphology, they allow the entire range of impact 
forces to be tested and there are fewer ethical decisions to be made. 
Conversely though, the range of problems associated with cadaver experiments 
show that they are far from being an ideal impact trauma model. Cadavers display signs 
of rigor mortis, including lack of skin and muscle tone, thus altering the response of the 
body to impact. The lack of blood circulation also causes organs to become flaccid, 
smaller in weight and volume, thus altering the effect of the associated forces involved, 
which is particularly relevant for the PDL. Methods used to increase pressure within the 
body have been found to be inadequate at reproducing the conditions found within live 
subjects. 
Even though there is enough evidence to discourage using the data from these 
experiments, most of the current knowledge on facial bone fracture tolerances has been 
derived from these types of experiments. Garza et al. (1993), Nahum (1975a, 1975b), 
Nahum et al. (1972) and Hodgson (1968) have all gathered numerical data on a number 
of impact criteria relating to the fracture tolerance of the maxillofacial structure using 
transient impact experiments on cadavers. 
One other unpublished paper by Krimbalis et al. (2004) shows a more rigorous 
approach to deriving materials data under transient loading conditions. It uses both 
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cadavers and an FE model. The cadaver heads had strain gauges located on both canine 
fossa and on the medial palate of the maxilla. The heads were then impacted and the 
data was compared to an FE model with geometry provided by high resolution CT 
scanning of a paediatric skull. Modifications of the geometry were necessary because 
some of the points and lines were blurred, which shows that even with advanced 
techniques it is necessary for some manual intervention. The dentate jaw was given an 
isotropic modulus of 13 GPa, a Poisson's ratio of 0.3 and density of 1800 kg m 3. 
Results from both experiments were compared and a maximum relative deviation of 
11.37% was found. The similarities in behaviour are encouraging considering that the 
FE model of the maxilla was a solid block with no individual teeth, and one isotropic 
elastic material only. However, despite the promising results, they are no nearer to 
understanding the behaviour of the teeth when transiently loaded. 
3.6.4 Artificial Jaw 
This approach is different to other three because it is a mechanical model not a 
biological one. It relies on the data provided by the biological models, thus inheriting 
the associated problems. 
Mechanical models of artificial jaws and teeth have been developed by Greasley 
& Karet (1997), Geasley et al. (1998), Greasley (2000), de Wijn (1982), Bemellmans 
(2001), Hoffman (1999), and Warnet & Greasley (2001). However they are far from 
accurate representations of the maxilla. The injuries they produce are difficult to 
associate with those discussed in section 3.8. However the good models do produce 
similar patterns of behaviour, such as displacement, to those found in the biological 
models. The promise of these types of models is the ease with which they can be 
instrumented, repeated, adapted and improved. They are considered in more detail in 
chapter 4,6 and 7 where they are used to evaluate a number of different mouthguards. 
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A similar approach to that adopted by Krimbalis (combination of computer model 
and reality) was also used by Sakaguchi et al. (1991) where a 2D FE model of a 
premolar is interrogated and strains compared to those on an instrumented premolar 
located in an artificial mouth. The authors found evidence of individual cusp movement 
in both FE and instrumented set-ups, and thus claim a "good correspondence". However 
the difference in measured strain and modelled strain at corresponding locations was 
very large at between 25% and 50%. 
3.7 Tooth Movement, Types of Dental Injuries and Injury Mechanics 
There are many dental problems that could be considered injuries, but those that 
have not been recorded as a result of a sporting impact are not considered here. There is 
a variety of impact injuries that can be grouped as such, and the full range can occur in 
most types of contact sports. Some sports are likely to involve violent collisions on a 
regular basis whereas in others they may only be seen intermittently, which makes 
optimising protection very difficult. 
Injuries to the major bony structures of the face consist of fractures, removal of 
teeth, jaw joint disorders and soft tissue injuries. This section will define these injuries 
more clearly, primarily using the exemplary work of Andreasen (1994) including 
reproduction of figures 3.4 - 3.22. 
Andreasen identifies several types of injuries to the dentition and the surrounding 
structures. They are broken up in to four general categories: injuries to hard dental 
tissue and pulp, injuries to the periodontal tissue, injuries to the supporting bone, and 
injuries to the gingiva or oral mucosa. The classification is an extended version of that 
used by the World Health Organisation and is based on anatomical, therapeutic, and 
prognostic considerations. This may appear rather more detailed than necessary but the 
distinctions made by Andreasen compared with others shows a much clearer 
relationship with the composite nature of teeth and thus allows further deductions to be 
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made in relation to the distinct but intimately linked materials and their failure 
characteristics. 
Oral injuries are well documented, and there are numerous books and dentist 
training courses that describe the types of injuries a dentist is likely to encounter. They 
cover `best practice' for treating these injuries, and other factors to be aware of such as 
complications in treatment. However the extent of information available on the causes 
of these injuries in mechanical terms is limited, which means the injury mechanisms are 
not fully understood. Andreasen (1994) and King (2000) note that it is unclear whether 
any injury has a unique mechanism. 
Chapman (1989) proposed two distinct blow directions as seen in figure 3.2, and 
other authors such as Cummins & Spears (2002) have investigated hard and soft object 
collisions. These simplifications of the loading conditions can be related to specific 
forms of tooth movement, but in reality a blow of only either type would be rare and 
usually a blow would consist of a combination of the many aspects. 
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Figure 3.2 Diagrammatic representation of two collision directions for common blows to the face 
From a frontal blow, the transverse impact will cause the head to move 
backwards, and if contact is made with the teeth then the loads on the tooth or teeth may 
occur as seen in figure 3.3a which shows the force diagram for a transverse load on a 
ingle incisor. If the blow is received from below the chin on the mandible, the head will 
rotate backwards, the mandible will be forcibly closed, and the teeth which come into 
contact (the indirect blow mentioned earlier). Depending on the nature of the occlusion 
the teeth may also be loaded axially as seen in figure 3.3b which shows the force 
diagram of an axial load on an incisor. 
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Figure 3.3 Force diagrams including resultant forces of two possible loads on incisors (a) transverse 
load, and (b) axial load 
The tooth can move in one of three ways or by a combination; apically, 
rotationally and laterally. During mastication, forces produce tooth movement by a 
combination of these mechanisms. Under any of these conditions there will be different 
areas of the supporting structure under varying degrees of compression, tension and 
shear. 
Very few hard tissue injuries to the tooth are thought to be a result of axial 
loading. Because axial loading occurs principally during mastication the teeth have 
evolved to withstand these loads, and the high contact stresses which occur when 
opposing sets of teeth meet. Parfitt (1960) believes the range of normal displacement 
under axial loading lies between 0.01 mm and 0.05 mm (approximate initial 
displacement of 0.01 mm under load of 200 g), which can be affected by several 
physiological conditions, including blood pressure. However there are no such figures 
available for transverse movement. 
With the exception of intrusive injuries, normally involving whole teeth, the 
majority of injuries can be attributed to transverse loading of the type seen in figure 
3.3a. There are two main areas of resistance in figure 3.3a marked by the resultant 
forces X and Y. These forces act in opposite direction to each other, but are not coaxial 
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so introduce a bending moment or couple. The strength and condition of the supporting 
structure as well as the force of the impact determines how high the shearing forces will 
be in the area between these two points. If the bone and PDL resists displacement, high 
compressive forces, and stresses will be produced at X and Y. Alternatively if the bone 
and tissues are more compliant the stress and forces in the areas of X and Y will be less. 
3.7.1 Injuries to Hard Dental Tissue and Pulp 
Crown fractures are the most common form of injuries to the permanent dentition. 
The three figures below show three different types of crown fracture for an incisor, each 
one involving different regions of the teeth. Figure 3.4 is a case of `enamel infraction' 
and `uncomplicated crown fracture'. The infraction represents damage without loss of 
substance and the fracture is uncomplicated because it does not involve the pulp. 
Andreasen also states that in anterior teeth, infraction usually stops at the dentine 
enamel junction (DEJ), which is evidence of the novel behaviour of the region as 
outlined in chapter 2. Figure 3.5 shows another uncomplicated fracture but this time 
with involvement of the dentine. Figure 3.6 shows a complicated fracture with 
involvement of the pulp region. Fracture involving the pulp is particularly painful 
because the pulp contains many sensory receptors, and it also introduces a high 
possibility of infection because of the amount of organic tissue exposed. If the tooth 
becomes infected then there is a high risk of it spreading into to the circulatory system 
through the root canal and other connections. 
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Loss of enamel 
& dentin 
Figure 3.4 Enamel infraction and Figure 3.5 Uncomplicated crown Figure 3.6 Complicated crown 
uncomplicated crown fracture fracture with involvement of the fracture no involvement of the 
with no involvement of the dentine dentine 
dentine 
The second category of hard dental tissue injuries involve the roots of the teeth. A 
crown root fracture is defined as a fracture that involves enamel, dentine and cementum, 
whereas a root fracture only involves dentine and cementum. There is often PDL 
damage associated with any damage to the root. Once more a distinction can be made 
based on the involvement of the pulp, so there are complicated and uncomplicated 
crown root and root fractures. Figure 3.7 shows an uncomplicated crown root fracture in 
an incisor, and figure 3.8 shows a version of the complicated alternative, with figure 3.9 
showing root-fracture only. The orientation of these fractures is by no means limited to 
those paths shown. It is uncommon but not unheard of to have a vertical fracture along 
the tooth axis, and also deviation of the fracture in a menial or distal direction. 
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Crack in 
enamel 
Loss of enamel 
Loss of enamel, dentin, 
and pulp 
Figure 3.7 Uncomplicated crown Figure 3.8 Complicated crown- Figure 3.9 Root fracture 
root fracture root fracture 
Andreasen (1994) suggests that the tensile and shearing strength of the brittle 
dental tissues is much lower than the compressive and shearing stress experienced by 
the tooth between the two areas, and thus a fracture occurs diagonally, similar to those 
paths seen in figures 3.6 and 3.8. Andreasen supports this theory with tests on other 
brittle materials such as concrete where similar fracture patterns are found. If the PDL 
behaves more rigidly under high strain rates, and thus the movement of the tooth is 
minimised, the principal fracture would be expected horizontally across the neck of the 
tooth similar to that seen in figure 3.9 but at the level of the gingival margin. There is 
little evidence of fractures at the gingival margin occurring, so under most impact 
conditions there can be some movement expected from the tooth, and thus more 
compliant behaviour from the PDL. 
The duration of contact is vitally important. In cases where the impact involves a 
hard object the duration of the impact will be far less than when a much softer object 
strikes. In cases involving hard objects the peak forces can reach high levels, but the 
duration is short. Cummins & Spears (2002) believe that in such cases the stresses 
concentrate around the point of impact, without dissipating into the structure and thus 
55 
cause fractures such as those seen in figures 3.4 to 3.6. Andreasen (1994) notes that 
hard-object collisions are more likely to cause fracture at the impact site and speculates 
that the lack of a significant amount of injuries elsewhere in the bony structures under 
these conditions suggests that much of the energy of the impact is expended in creating 
the fracture. 
Alternatively, soft object collisions produce a much lower peak force but they last 
for a longer period. Cummins & Spears and Andreasen suggest that in this situation the 
stress is dissipated to the tooth-bone complex making fracture away from the impact site 
more likely, and creating a greater chance of injuring the supporting structures which 
are discussed shortly. Moreover they probably create a region of tensile stress in the 
root caused by bending which could be the cause of sub marginal fractures such as that 
seen in figure 3.9. 
An investigation into the effect of different bonding conditions and other parts of 
the tooth socket problem is carried out in chapter 6, but it does not include the complex 
microstructure of the teeth which inevitably govern the fracture paths in detail. 
3.7.2 Injuries to the PDL 
Figure 3.10 - 3.13 show the major forms of injury to the supporting tissues within 
the socket, which also get damaged when root fracture occurs. Figure 3.10 shows the 
concussion of the supporting structures. Similar to bruising it produces mild pain upon 
contact with the tooth, but no abnormal loosening is seen. Figure 3.11 represents 
subluxation, which is when there is abnormal loosening of the tooth but there is no 
demonstrable or measurable displacement. Figure 3.12 shows an example of extrusive 
luxation, where the tooth has been partially displaced from its socket, but with no other 
damage to the surrounding hard tissue. 
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Figure 3.10 Figure 3.11 Subluxation Figure 3.12 Extrusive Figure 3.13 
Concussion luxation Exarticulation 
Figure 3.13 shows a more serious degree of extrusive luxation, which is known as 
exarticulation: the complete removal of a tooth from the socket. In all instances there is 
minimal damage to the tooth and hard supports, although extensive damage to the PDL. 
In cases of extrusive luxation the chances of pulp infection are minimal, whereas with 
exarticulation it is very dependent on how contaminated the wound and tooth get. 
Based on the trends noted in the literature regarding injuries and associated 
loading conditions, the four injuries shown above are probably caused by large, blunt, 
soft objects which are in contact for long duration, but with relatively low kinetic 
energies. There may have also been some axial rotation involved in the injuries depicted 
in figure 3.12 and 3.13. The PDL fibres are particularly weak against torsional 
movements because of their orientation as discussed in appendix 1. Because there is no 
hard tissue damage it is probable that the stresses were relatively low, hence to cause 
such damage to the periodontal tissues there may well have been some axial rotation. 
3.7.3 Injuries to the Supporting Bone 
Several of the bony socket injuries highlighted in this section also include 
periodontal injury as well, because the socket cannot be damaged without first 
damaging the PDL, hence some overlapping descriptions. 
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Figure 3.14 Comminution of the Figure 3.15 Fracture of facial or Figure 3.16 Fracture of the 
alveolar socket lingual socket wall alveolar process with 
involvement of the socket wall 
Figure 3.14 represents comminution of the socket, which is generally associated 
with lateral or intrusive luxation. Figure 3.15 is an example of lateral luxation with the 
fracture of the socket wall confined to the labial side. Fracture of the alveolar process is 
depicted as two types: figure 3.16 shows involvement of the socket and figure 3.17 
shows fracture of the process without involvement of the socket. Although more 
common in the anterior regions of the incisors, alveolar process fractures can also be 
found posteriorly in the regions of canines and premolars. Figure 3.18 and 3.19 
represent fracture of the jaw, either mandible or maxilla with involvement of the 
dentition. Figure 3.18 involves the alveolar socket and figure 3.19 does not. Andreasen 
(1994) states that approximately 50% of jaw fractures involve the teeth. Unlike many of 
the injuries so far which can be predominantly found in the anterior region of the jaw, 
these type of fractures are more predominant in the regions of the molars (Andreasen, 
1994). They often include multiple neighbouring teeth and are predominantly found in 
occupants involved in car crashes. The much higher kinetic energy involved in a car 
crash considerably increases the possibly of jaw injuries. 
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Figure 3.17 Fracture of the Figure 3.18 Fracture of Figure 3.19 Fracture of 
alveolar process without mandible or maxilla with mandible or maxilla without 
involvement of the socket wall involvement of the tooth socket involvement of the tooth socket 
3.7.4 Injuries to the Gingiva and Oral Mucosa 
Figure 3.20 to 3.22 represent three types of soft tissue injury, in these cases the 
gingiva is represented. However laceration, contusion and abrasion of the lips and 
tongue are also common. Nonnally these injuries are associated with hard tissue injuries 
although it is possible for them to occur separately. Figure 3.20 depicts laceration which 
is often caused by a sharp impacting body. Contusion and abrasion of the gingiva as 
depicted in figure 3.21 and 3.22 are very common injuries, with little difference, and 
often occurring simultaneously. 
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Figure 3.20 Laceration of Figure 3.21 Contusion of Figure 3.22 Abrasion of gingiva 
gingiva gingiva 
It is possible for either sets of teeth to penetrate the upper or lower lip, or the 
surface of the tongue. The lips, however, are also at risk from penetration by the 
external impacting body. Normally this is rare because most sharp objects are removed 
from the sporting arena for safety reasons. Therefore prevention of penetration can be 
accomplished by covering the incisive edges of the teeth, as the mouthguard does. The 
effectiveness of mouthguards in preventing these particular injuries is undisputed. 
However their role in preventing contusion and abrasion is unclear, and in some cases, 
poorly made mouthguards may even contribute to these type of injuries. 
The influence of the lips on the impacting objects should not be overlooked 
because they may significantly alter the loading conditions of the dentition and other 
tissues they cover. Generically their behaviour can be understood as a soft interposing 
layer, much like a mouthguard. Under the right conditions they can help prevent certain 
types of injury, probably contact fracture. An example of soft tissue characterisation 
under impact is provided for scalp tissue by Nahum et a/. (1973). They show a detailed 
methodology which links static and dynamic tests on cadavers with detailed recordings 
of resulting injuries, and impact parameters. They note the considerably high 
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compressive strength of skin. Although lips are a very different structure, similar 
methods could be used to determine their behaviour more accurately with a micro/nano 
indenter and then they could be included in future models. 
3.7.5 Primary Dentition 
The injuries identified in the previous sections can occur in both primary and 
secondary dentition, although the differences between the two sets of dentition means 
they may occur under different conditions. In addition there are two points relating to 
the primary dentition that should be highlighted. First is the possible transfer of forces 
to the secondary dentition below. In the pre-erupted state the secondary dentition is less 
developed and any type of load may alter their development, if not damaging them 
severely. Second, as already mentioned, is the slightly more compliant nature of the 
primary dentition which affects the chances of particular injuries accordingly. 
3.7.6 Concussion of the Brain 
There are many cases of authors discussing the incidence of concussion in sport. 
There have been several different mechanisms postulated for concussion and other 
related brain injuries in sport, most of which involve the acceleration of the brain in 
some way (Takeda et al. 2005). However, Hickey et al. (1967) suggests that a 
mechanism for causing concussion could be the deformation of the skull by loading 
through the TMJ (jaw joint). 
Labella (2001) noticed no difference in concussion rates for users and non-users 
of mouthguards in a prospective study. The author suggests the reason for seeing no 
reduction in concussion rates for mouthguard users might be that concussions are also 
caused by several mechanisms that mouthguards may not be able to influence 
significantly. 
It is very difficult to conduct research on such a complicated and anatomically 
sensitive region, which has resulted in many speculative papers on the nature of 
61 
concussion protection by mouthguards. It is certain that a mouthguard interposed 
between the maxillary and mandibular dentition alters the resting position of the 
mandibular condyle (see appendix 2), and would probably prevent it from forcefully 
displacing into the mandibular fossa of the cranium (see appendix 2). The presence of a 
mouthguard has been shown to reduce intracranial pressure (Hickey et al. 1967), 
mandibular deformation and head acceleration (Takeda at al 2005) during axially 
directed blows. However it is not clear how to differentiate which mechanism of 
concussion is causing the damage, and thus to speculate that a mouthguard protects 
against concussion is presumptuous. 
Although mouthguards and concussion are probably one of the most important 
areas requiring research in this field it was felt that there is too much uncertainty and a 
lack of favourable research techniques to advocate detailed examination in this thesis, 
therefore any mention will be given only briefly in relevant sections. Despite these 
findings, authors such as Williams (1994), Jagger & Milward (1995) and Porter & 
O'Brien (1994) have promoted the use of specific types of mouthguards with claims 
that they are better at preventing brain injuries such as concussion. Further details are 
given on the range of mouthguards available in chapter 4. 
3.8 Discussion and Conclusions 
Each of the types of injury described in this chapter represents damage to one or 
more of the distinct tissues identified in chapter 2. Typically, it is very difficult to gather 
any helpful information on how the teeth are loaded from any of the current instruments 
available because of the destructive nature of most blows, and the danger of swallowing 
or breathing in any instrument used to measure the collision. However, this has not 
prevented authors claiming they know the cause based on statistical evidence e. g. 
`infractions are caused by direct impact to the enamel' (Ravn cited in Andreasen, 1994). 
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Hence there is no quantitative data available on causes of particular injuries, but there 
are phenomenological trends that have been noted. 
Dental oro-facial injuries are clearly very complicated and the mechanisms behind 
them still require much explanation. However some injuries, or at least models of some 
behaviour that lead to injuries, may be described by certain quantitative parameters. In 
an FE investigation parameters such as displacement, peak contact stress, and force time 
history which could be linked to specific injuries are easily obtainable. 
A description of the various injuries that occur has been presented and linked to 
possible impact loading conditions based on the literature and a simple mechanical 
understanding of the teeth. Understanding general injury trends in this fashion enables a 
well founded investigation to be developed. Three broad types of injury will be 
considered in the experimental work of chapters 8,9 and 10, namely those that produce 
fracture to the tooth only, particularly above the gingival margin (outside of the socket), 
those that produce socket and support damage below the margin, and those that occur to 
the surrounding tissue when the tooth does not fail. In the next chapter a review of 
research on mouthguards is given before the methods and results of this work are 
introduced and discussed. 
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4 Mouthguards 
4.1 Introduction 
Mouthguard performance cannot be solely assessed on protective capabilities. It 
also requires the inclusion of subjective aspects such as comfort and fit. 
Research into mouthguards can be divided into two categories for the sake of 
reviewing the literature. The first type of research is based on user opinion and uses 
similar methodologies to the epidemiological studies discussed in chapter 3. The second 
type of research has attempted to deal with measurement of the system, forces, energy 
and fracture. There are several papers that have attempted to instrument a mouthguard 
protected impact and several others that have used the FE technique. There are also a 
number that deal with purely materials data. 
There exists disagreement in the literature regarding the best design, material, and 
fabrication technique for a custom fitted mouthguard. Ranalli (2002) notes that it is 
imperative to develop standardized methodologies that will result in scientifically 
determined evidence based knowledge. However, the problem is very complex, 
involving a poor understanding of the impact conditions, injury mechanisms, biological 
tissues and mouthguard response. These points are addressed at various stages 
throughout the thesis, and during this chapter many of the current techniques used for 
analysing mouthguard behaviour are highlighted. A key issue to be considered is 
whether it is possible to define a `best' material, guard thickness and hence design. 
Because every impact is different, and every user is different with different dentition, 
the conditions for optimisation become unclear. The approach taken in this thesis is 
based on many of the concepts and techniques identified in the literature and goes some 
way to clarifying our understanding of many of the problems. Several suggestions are 
made in chapter 11 for the further work required on the road to standardizing the 
comparison of mouthguards. 
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The different types of mouthguards are outlined in the next section, followed by 
the qualitative research (user studies, questionnaires etc) and quantitative research 
(materials, impact, testing etc). The importance of both forms of research are 
undeniable. Ultimately the success and behaviour of a device such as a mouthguard 
must be evaluated in situ. The specific impact characteristics cannot usually be 
identified in this manner but other aspects such as fit, comfort, effect on speech and 
breathing can be determined. In conjunction with real data from modelled impacts this 
may provide the best way of fully evaluating a mouthguard. 
4.2 General Mouthguard Standards 
Mouthguards, also known as gum-shields and mouth protectors, vary widely in 
design and construction. Similar devices exist for other tasks such as the application of 
dental gels to the teeth and protection from bruxism (involuntary excessive occlusion). 
In this work a mouthguard is defined as a device that protects the dentition and 
surrounding structures from injury, as used in sports, but also applicable for other 
activities. 
Although there are no national or international standards governing mouthguards 
(Greasley et al. 1997) there are several documents from professional bodies and dental 
associations which recommend what they believe are beneficial aspects of design, and 
safe materials for inclusion in the mouth. Some of the more appropriate are discussed in 
this chapter. 
There have also been publications by the European Union (EU) and the 
Department of Trade and Industry (DTI) on `personal protective equipment' (PPE). PPE 
is `any device or appliance designed to be worn or held by an individual for protection 
against one or more health and safety hazards' (Chadwick & Millet 1995). Because all 
mouthguards fall under this definition they are subject to the legislation. However the 
sub-definitions within the directive which group protective devices as simple design, or 
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complex design, hence specifying what criteria they device must meet, do not allow 
mouthguards to be placed in either group without argument. It appears that mouthguards 
belong to a group not specified (Chadwick & Millet 1995). The manufacturer is 
responsible for classifying the device into either group. If `simple' then they can test it 
in-house, and if it is `complex' then it must go through the BSI (British Standards 
Institute). If the manufacturer deems the mouthguard unclassifiable, or classifies it as 
simple because of the preferable testing criteria, then the EU/DTI regulations are 
ineffective. The BSI has been attempting to deal with some aspects of this directive for 
several years now and is no closer to a solution. Developing a testing procedure which 
would allow mouthguards to be evaluated would be a positive step whether required or 
not by legislation. 
In 1962 the National Football Alliance Rules Committee of America made 
recommendations that stated "each player shall wear an intra-oral mouth and tooth 
protector which includes both an occlusal and labial portion". These are identified in 
figure 4.1 
Lingual portion: 
surface separating the 
teeth and the tongue 
Space for labial 
fraenum. Sometime 
also present for buccal 
attachments 
Labial portion: surface 
separating the lips and 
teeth 
Figure 4.1 Common mouthguard 
Occlusal portion: 
transverse/horizontal 
portion separating 
occlusal surfaces of 
teeth 
Another recommendations document was released by the British Dental 
Association in 1997. As a fact file on sports and dental health, it reinforces many of the 
aspects discussed in this chapter, but does not specify any standards that a mouthguard 
must meet. 
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Probably the most widely referenced of the professional bodies recommending 
mouthguard specifications is the American Society for Testing and Materials (ASTM). 
The ASTM document entitled `standard practice for care and use of mouthguards' 
defines a mouthguard as "a resilient device or appliance placed inside (or outside and 
inside) the mouth, to reduce mouth injuries, particularly to the teeth and surrounding 
structures" (Ranalli, 2000). The ASTM recommend this device along with the Academy 
of Sports Dentistry (ASD) for a long list of sports, including several non contact athletic 
events and even skydiving! (Ranalli, 2000). The recommendation by the ASD goes 
further and specifies that a `properly fitted mouthguard' should be used. The ASD's 
criteria for a properly fitting mouthguard are given below (ASD 1998). 
" Should possess an adequate thickness in all areas to provide for the reduction of 
impact forces 
"A fit that is retentive and not dislodged on impact 
9 Meet speech considerations equal to the demands of the playing status of the 
athlete 
"A material that meets Food and Drugs Administration approval 
" Preferably last for a wearing length of time equal to one season of play 
Multiple variations of a mouthguard are possible within the recommendations 
outlined by the ASTM and ASD. However, widely available mouthguards generally fall 
into two categories (mouth-formed, and custom), with variations in custom design such 
as the bi-maxillary guard (described later) beginning to establish themselves as distinct 
alternatives. Furthermore, it is unlikely that any of the guards available would resist 
removal during all impacts or meet the potential demands of all athletes. It is also 
difficult for manufacturers to understand criteria which use undefined words such as 
`adequate'. 
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4.3 Types of Mouthguard 
In much of the literature, classifications are based on three types of guards. These 
are: 
" Stock 
" Mouth-formed 
" Custom made 
The first type, which is now not recommended and unavailable in most shops in 
the U. K. is the stock guard. An example of a stock guard is seen in figure 4.2. which can 
be compared to the common mouthguard shown in figure 4.1. The stock guard is a 
covering that fits over the dentition but is only adjustable by means of mechanical 
manipulation, such as cutting and smoothing, rather than moulding to fit. Because of the 
lack of dental form it possesses it is said to have poor fit and is seen as a hazard with the 
potential of coming loose and blocking an airway or being swallowed. 
Stock guards require the user to bite down to hold them in place, which has 
obvious speech and breathing impairment problems, even with `air holes'. Nevertheless 
they have been justified in specific cases, such as for use with orthodontic appliances by 
authors such as Croll (1999), because they are cheap, and often only used temporarily 
until a custom made guard can be fabricated. Alternative orthodontic guards exist but 
fall under different classifications, namely custom made. 
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Figure 4.2 Sitftk 1IM111I wird 
Although the necessity for such a mouthguard is clear, there are a few problems 
with Croll's particular design, which was made from polyolefin foam rather than a 
thermoplastic as seen in figure 4.2. The possibility that foam would resist penetration 
from the teeth, or an orthodontic appliance is very slim. Thus although it is cheap, and 
provides a true energy absorbing mechanism it would probably not be reusable. 
The second type of guard is the mouth-formed guard. It is very similar to the stock 
guard but it is formed to the individuals dentition inside the mouth. It will include a 
lingual portion as seen in figure. 4.1 to aid retention, which many stock guards do not. 
There has been reference made to two types of the mouth-formed guard 
(Mekayarajjananonth 1999, Gelbier 1966), namely the thermoplastic, variety and the 
shell liner type. The shell liner guard usually consists of a polyvinyl chloride (PVC) 
outer shell with a soft filling used to form to the teeth. Usually the filler is made from 
plasticized acrylic resin gel or silicone rubber. However they are generally more bulky 
than the thermoplastic variety which can decrease comfort. The soft layer provides a 
good fit but it wears out quickly with repeated biting, and hardens somewhat after a 
while, and unlike the thermoplastic variety it cannot be reformed. 
The process of forming the thermoplastic guard involves the wearer heating the 
guard in hot water for a few minutes and then placing it in the mouth over the maxillary 
arch. Once in the mouth the wearer is asked to bite down firmly, while pressing the 
guard against the roof of the mouth with the tongue and sucking. Instructions also 
suggest pressing around the guard with the forgers while it is in place. Even with 
practice as the instructions suggests, and with experience of doing this before, it is not 
difficult to be left with a poorly fitting guard. Most mouth-formed thermoplastic guard 
manufacturers suggest this process is repeatable as many times as necessary. This is 
how manufacturers safeguard the usability of the device, allowing users to make 
mistakes, and re-form the guard after some time if they feel it is necessary. Although 
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theoretically, thermoplastics are re-formable again and again, in practice they may not 
reliably behave like this, exhibiting some plastic memory. 
The two types of mouth-formed guard have different degrees of fit, but common 
to both is an internal surface that follows the contours of the teeth, similar to that seen in 
figure 4.3. 
Imprint of users 
dentition for 
tighter fit and 
better comfort 
The third type of guard is the custom made type. These are approximately 10 
times more expensive than thermoplastic mouth-formed guards and thus there may he 
some resistance to their purchase. There are several papers that document the precise 
techniques used to make a custom mouthguard (Mekayarajjananonth el. al 1999, Padilla 
& Lee 1999, Croll 1992). Generally the procedure is fairly lengthy and should involve 
at least two visits to the dentist. It can be summarised in a few steps although variation 
in techniques between dental laboratories is common. 
The first step is to take an impression of the users maxillary dentition. This is 
done using a material called `alginate'. At this stage some dentists will also take a wax 
impression of the occlusal relationship, and another impression of the mandibular 
dentition. The impression(s) are then used to cast stone models (gypsum replicas of the 
surface of the teeth and gums) of the dentition over which the mouthguard can he heat- 
vacuum formed. The mouthguard material placed onto the model is usually a 2-6 mm 
thick sheet, approximately 10 x 10 cm, although there are cases of polymer rims (like a 
mouth formed guard before moulding without a space for the fraenum, similar to figure 
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Figure 4.3 Custom made mouthguard 
4.1) being used instead. Once it has been formed the guard periphery is trimmed and 
finished by hand, using various cutting and abrasive tools. If the desired guard is a 
laminate then the first lamina is formed over the cast, the guard is trimmed roughly after 
it has cooled and then the second lamina is heat formed over the first while in place on 
the stone model of the dentition. Another method for a different material is suggested by 
Ranalli (1992) using photo-polymerised urethane diacrylate. This means the vacuum- 
heat forming step is replaced by moulding and hardening the polymer on the stone cast, 
and the additional materials costs are offset against the cost of the vacuum machine. 
This method is a good alternative to the vacuum technique because there is often some 
thinning in the mouthguard around incisive regions of the teeth where the material is 
stretched during manufacture. Although this can be countered with careful manipulation 
of the material thicknesses in the right regions, other techniques are rightly being 
explored 
It is very important to get a good impression and keep it in good condition, in 
order to make a successful mouthguard. Any errors are magnified through the multiple 
stage process and poor technique in the construction can result in a poorly fitting guard 
that the buyer has every right to refuse. A well fitted guard will be tried in situ at the 
dentists', and it should then be possible to make small adjustments depending on the 
patients feedback. 
If the mandibular impression and occlusal relationship are taken, then the 
manufacturers will normally produce an indentation of this on the occlusal portion of 
the guard. If done accurately - which is particularly difficult without knowledge of the 
TMJ (jaw joint) movements - this impression provides somewhere for the mandibular 
dentition to rest. This type of positioning provides structural integrity to the system 
given by an aggressive (closed) jaw posture. The same posture is encouraged in other 
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designs such as the bimaxillary guard, and some boil and bite guards. It theoretically 
reduces the loading to the base of the skull, thus reducing concussive forces. 
The maxillary custom-fitted guard has received the most attention in the literature 
and thus has specific recommendations regarding design from several authors. Chapman 
(1989) summarises these recommendations as follows: 
" It should enclose the maxillary teeth to the distal surface of the second molars. 
This helps prevent the gagging reflex by preventing activation of the particular 
cranial nerves which control the pharynx. The unprotected molars are rarely 
loaded laterally so there is no significant risk by reducing the covering in this 
region with the occlusal portion of the guard still preventing axial loading. 
" Approximate material thickness should be 3 mm on the labial aspect, 2 mm on 
the occlusal aspect and 1 mm on the palatal aspect. 
9 The labial flange should extend to within 2 mm of the vestibular reflection. 
" The palatal flange should extend about 10 mm above the gingival margin. 
9 The labial edge should be rounded in cross-section whereas the palatal edge is 
tapered. 
There is no evidence that these are the best dimensions for these regions, but they 
seem appropriate when taking into consideration the importance of bulk and surface 
shape in the respective areas. They are justified by clinical experience. 
The bimaxillary (bi-max) mouthguard - another type of custom fitted-guard - is 
shown in situ in figure 4.4. It was first reported by Chapman (1983) with claims of 
superior protection. Production involves the same initial impression and casting 
techniques as discussed above. Effectively the guard is a maxillary guard and 
mandibular guard joined together at the occlusal surface, so it is necessary rather than 
desirable to take both impressions and assess the occlusal relationship. The two initial 
guards are formed in the same way over the stone casts and then joined once finished. 
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Different dental laboratories have suggested different adhesive methods for attaching 
the two parts. (Chapman 1985, Lee-Knight 1991, Jagger & Milward 1995, Milward & 
Jagger 1997). However, there are several issues with this guard. Positive design features 
include the presence of more material, and thus a larger surface area is covered, 
including both the maxillary and mandibular dentition. A closed (aggressive) jaw 
position is inherent, although this may also be achieved with the standard guard. 
Nevertheless it is highly probable that the bi-max guard will achieve this jaw alignment 
consistently, rather than intermittently and dependent on the user, as would be expected 
with the maxillary guard. 
The extra bulk of the bimaxillary guard may make breathing more difficult, 
especially with the jaws fixed in a position, although authors such as Chapman (1985) 
and Porter (1994) have suggested otherwise. There has been little research into the 
effects of the bimaxillary mouthguard on speech, but logically a constrained mandible 
and other associated impairments would make speech very difficult, although again 
Chapman (1989) has claimed otherwise. Because of these features it may be more 
suitable for people at higher risk, i. e. those who may be recovering from a dental or 
orofacial injury, or those who are involved less in speaking and more in suffering facial 
blows, such as boxers, martial artists and front row forwards in Rugby. However, there 
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Figure 4.4 Bimaxillary guard üi sing 
has been minimal research into its effectiveness and protective mechanisms, with only a 
few papers on user attitudes available. 
Table 4.1 below is Chapman's (1989) distinction between four of the guards 
mentioned. It sums up the main points, although his role as creator of the bimaxillary 
guard and possible bias should be noted. 
Quality Stock guard Mouth- Custom guard Custom- 
formed guard bimaxillary 
guard 
Fit V. poor Poor Excellent Excellent 
Retention V. poor Poor Excellent Excellent 
Oral breathing Severely Moderately Minimal No noticeable 
impaired impaired impairment impairment 
Speaking Severely Moderately Minimally Minimally 
impaired impaired impaired impaired 
Orofacial V. unsatisfactory Unsatisfactory satisfactory Excellent 
protection 
Player V. low Low High High 
acceptance 
level 
Approximate 5-10 (Aus $) 10-20 (Aus $) 60-70 (Aus $) 160-180 (Aus 
cost $) 
Table 4.1 Chapman's 1989 distinction between 4 mouthguards 
In addition to the main varieties listed above there is another aspect of 
mouthguard design which has become relatively unpopular since its inception over 40 
years ago. The extra-oral mouthguard covers the outside of the lips and mouth as 
opposed to the intra-oral mouthguard which is completely enclosed within the oral 
cavity. It is attached to a facemask and thus must be used in conjunction with a helmet 
of some variety. It was designed because the intra-oral guard was a poor fit (Wood 
1972). Clearly a completely external mouthguard would not be as effective as an 
internal because of the lack of occlusal separation. Thus since the improvement of 
manufacturing techniques and the development of the custom-fitted guard the extra-oral 
guard has become obsolete, and will not be considered further. However, intra-oral 
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mouthguards are still attached to face masks today as an easy way of holding the guard 
when its is removed by the user. 
4.4 Non-Users and Users Perception of Mouthguards 
Assessment of the performance of protective equipment is generally derived from 
physical and technical parameters. However, from a psychological perspective players 
need to feel comfortable with the device and confident in its ability to protect. These 
factors can only be measured through the subjective assessment of individual 
perceptions (Roberts et al. 2001). 
Perceptions of users and non-users are very different and deal with different 
aspects of mouthguard use, but both are important when trying to improve dental 
protection in sport. Definitions of perception are broad and many, and to deal with these 
aspects properly would require more time and space than this thesis allows. So 
paraphrasing Roberts et al. (2001) will be sufficient. Perception is our conscious 
interpretation of the external world as created by the brain from a pattern of nerve 
impulses delivered to it from sensory receptors. However, different people will not 
necessarily perceive the same sensory input in the same way, and even if they did they 
may not describe it in the same way. 
4.4.1 Non-Users 
A major source of subjective opinion on mouthguards excludes mouthguard users. 
Although this information cannot be used for evaluating the equipment it does address 
an important issue: that of compliance. Increasing compliance - the percentage of users 
and the frequency with which they wear mouthguards - is one of the primary concerns 
of the field, along with understanding their protective mechanisms, and thus their 
effectiveness in preventing injuries. There are several groups other than users that 
provide information on compliance including coaches, parents, officials, and dentists 
(Gardiner & Ranalli 2000). 
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Officials of American football were questioned by Lancaster & Ranalli (1993) 
and also by Ranalli & Lancaster (1993). The results showed that the mandatory use of 
mouthguards in the games rules `is somewhat beneficial in determining player 
compliance' although the officials felt it should not be their responsibility to enforce 
this. The officials also believed that compulsory brightly coloured guards had helped 
achieve a better rate of compliance because it was easier to see if a player was not 
wearing a guard, allowing them to warn players for transgression of the rules. 
Parents were questioned by Diab & Mourino (1997). They found that the parents 
felt it was the responsibility of themselves and coaches to ensure the use of 
mouthguards. However, the majority of parents did not perceive a risk to their children 
in sports such as basketball, football and baseball, as opposed to the dental profession 
which does. Godwin et al. (1972), after questioning first year college American football 
players, also suggested that coaches play a major role in the motivation of the athletes to 
wear a mouthguard. This highlights a recurring problem within attitudes of the dental 
profession, sports participants, and third parties such as coaches and parents. The dental 
profession believes that most sports participants are at risk, and want to enforce 
mouthguards use. On the other hand, participants, parents of younger participants, and 
coaches view the risk as much less in many sports. Are the dental profession 
exaggerating the risk, or are the groups responsible for mouthguard use uninformed and 
unaware of the risk? Continued education and honest marketing of the benefits of 
mouthguards should resolve this issue. This view is also supported by Gardiner & 
Ranalli (2000). 
4.4.2 Users 
As well as the opinion of the groups mentioned above there is also the opinion of 
the user. This can be used to assess the performance of the guard in terms of comfort 
and fit. These factors are just as important as the mechanical aspects of design, because 
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if a mouthguard is unpopular because it is uncomfortable, then it will not be used and 
thus becomes ineffective. Comfort and fit are intimately linked (Bass & Williams 1989) 
and the distinction is difficult to measure or validate. The majority of these studies have 
attempted to compare different designs, specifically the custom-made and mouth- 
formed. 
Stokes et al. (1987) compared two methods of forming an EVA rim. The first 
method was the mouth formed technique using hot water. The second was the custom- 
formed technique using a vacuum and stone model of the dentition. A group of 48 users 
were given the mouthguards, each participant had one type but "were not aware which 
type they had". It is difficult to believe the subjects were unaware of the differences 
between the guards when one has been formed in their mouth, even if they were taken 
away afterwards and re-issued. The participants played a variety of sports, and were a 
range of ages, both male and female. After an 8 week period questionnaires were filled 
in and then the other mouthguard was used for 8 weeks and the questionnaire process 
repeated. There was no significant difference in fit, comfort, durability or injuries 
between the two guards. The only statistically significant difference reported was for 
`came loose' (p = 0.0085) where 17 reported that the intra-orally fitted guard came 
loose and only 6 reported this feeling for the custom fitted. Reasons for the similarities 
maybe the relatively long duration of the study (compared with others below) and the 
relatively small size of the participant group. This study indicates that the custom and 
mouth-formed guards are much more similar than previously thought. Stokes also noted 
there were twice as many subjects who felt they could play harder with a mouthguard in 
place than those who felt their style of play was not influenced. Clearly this has 
significant implications for exposing participants to larger numbers of collisions, faster 
collisions, and off-balance collisions if it is assumed these would occur when a 
participant is playing harder. 
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McClelland et al. (1999) conducted a user study to determine the perception of 
users to two differently designed guards in term of "wearability". Guard A had an 
"ideal" labial extension (2 mm from the full depth of the labial sulcus) and conformed 
to the "ideal" design requirements according to the authors. Guard B had a "non-ideal" 
under extension (1/2 of guard A), no occlusal adjustment, and no periphery smoothing. 
Using the terms ideal and non-ideal are somewhat presumptuous, for reasons already 
stated. Each participant filled in questionnaires on both guard types without having 
worn the guards during exercise. Similar questions to Stokes were used (comfort, ease 
of breathing, retention, bulk, speech etc), some were rank scored 1-10 and others were 
open. They also included questions on comfort of specific areas such as the tongue and 
lips, but no parts relating to recording injuries. From the results it is clear that guard A is 
preferable in all aspects of the questionnaire. The lack of finishing of guard B 
significantly alters the feel for the worse and thus care must be taken when adjusting 
guards. Finishing guards is the obvious smoothing of rough edges found after 
construction, which may or may not be carried out by the dental laboratory. However 
further adjustments, during a process called easing, can be best performed with the 
patient present so feedback can be given on the adjustments. This should be included in 
any standard procedure developed rather than standardising dimensions for an `ideal' 
guard. 
Brionnet et al. (2001) compared two custom-made bimaxillary guards made to the 
same specifications except for a difference in material. Guard A was made from acrylic 
(polymethylmethacrylate, PMMA) and guard B was made from silicone rubber. The 
study group consisted of 52 high school rugby players. The population was split into 
two groups. One group was given guard A for 4 months and the other given guard B for 
4 months, after which they were given the alternative guard for the same period. A one 
month familiarization period with both guards was given before the start. They were 
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asked to evaluate the mouthguards on an analogue scale (cutting a graphical bar by 
marking a point) based on 9 parameters (comfort, bulk, stability, hardness, difficulty 
breathing, difficulty speaking, oral dryness, nausea, inclination to chew). These are 
similar parameters to all other attitudinal investigations. Although the participants 
complained moderately of difficulties breathing, speaking, and of oral dryness 
regardless of material, there was no significant difference in results for the two 
materials. This could be construed as evidence of the interference caused by a 
bimaxillary guard, but it would need direct comparison to a maxillary guard to be clear. 
Participants felt the acrylic guard was harder and more stable, and they were more 
inclined to chew the silicone guard. Overall, 56% preferred the PMMA guard and 44% 
preferred the silicone rubber. This is in opposition to the views obtained by Godwin et 
al. (1982) who noted that participants felt softer (lower modulus) guards were more 
comfortable. However the design of the guards from the respective studies are different. 
Many studies do not measure or obtain the modulus of the compared guards, thus 
making it difficult to compare such an important factor. However, the difference in 
modulus between silicone rubber and PMMA is clear without measurement. 
More similar approaches were adopted by several other authors. Their 
methodology will not be detailed but interesting points highlighted will be discussed. 
Upson (1984) noted that there was no difference in the protective capabilities of intra- 
orally formed and laboratory-formed guards, because there was no difference in injury 
rates in the study. Also, any discomfort (breathing, speech etc) was overcome with time 
and familiarisation with the device. 
The widely held view that the custom-guards are more comfortable was observed 
by Bass & Williams (1989). However the duration for which participants wore the 
guards was only 1 week and thus does not consider the need of the user to `accept' 
(become familiar with) the guard. The duration of the study was widened to two weeks 
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by DeYoung et al. (1994), who also enlarged the sample group and found 83% of the 
group preferred the custom made guard. Neither Bass & Williams or De Young et al. 
reported any injuries, and in both studies the users knew which guard was custom-made 
and which was mouth-formed. 
4.5 Psychological and Physiological Response of Mouthguard Users 
The effects of mouthguards on the users can directly influence performance in a 
positive or negative way. Psychological aspects such as feelings of protection are 
particularly difficult to investigate (for reasons already described in section 4.4.2) and 
have been mentioned only briefly by Wood (1972) and Stokes at el. (1987). However 
an important psychological issue is that of speech and communication. The limited 
work in this area is described in the next section. 
Physiological effects are more easily measurable than psychological effects in 
theory, but there is still a scarcity of published research in this area. Section 4.5.2 
reviews some of this work. 
4.5.1 Speech 
There has been a small amount of work that has investigated the effect of 
mouthguards on speech and communication by quantitative means rather than asking 
user opinion. Unlike the readily measurable and quantifiable aspects of breathing and 
heart rate, speech is difficult to assess unambiguously and repeatedly. The intelligibility 
of a natural signal (word or phrase) depends not only on the quality of signal but on the 
receiver (listener), and the many aspects of their auditory condition, environment, and 
perception (psychology). There are many psychological and mechanical aspects to this 
that have busied numerous research fields for lifetimes and they cannot be covered here. 
A standard text on speech (phonetics, linguistics, psycholinguistics etc) will highlight 
the difficulties (Catford 1988, Baldwin & French 1990, Gemsbacher 1994). 
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A partial example of phonetics based research on mouthguards was included by 
Dennis & Parker (1972). A sonograph analysis of all consonant sounds showed they 
were unaffected by mouthguards, except for particular sounds called anterior fricatives 
e. g. [F]. A different approach was adopted by two other groups of researchers (Morrow 
et al. 1984, and Hagiwara et al. 1997). In both cases they recorded the speech of 
mouthguard and non-mouthguard users under laboratory conditions. Different 
mouthguards, and a variety of spoken signals were chosen. The recordings were then 
analysed by listeners for `errors' (whether or not the listener could distinguish the signal 
correctly). This area of research needs more development to allow experiments to be 
conducted in the field, but could provide a host of information not only on 
mouthguards, but also on aspects of speech recognition. 
4.5.2 Respiration 
Francis and Brasher (1991) measured forced expiratory volumes at 1s (FEVI), 
peak expiratory flow rates (PEV), and oxygen consumption (VO2). Over the counter 
maxillary and bimaxillary guards were tested. The authors noted that all mouthguards 
reduced FEVI and PEV compared with no mouthguard. Importantly they also noted that 
there was no effect on V02 at low work levels, and at high work levels all mouthguards 
reduced V02. They conclude that mouthguards appear to be beneficial in prolonging 
exercise by improving ventilation and economy, suggesting that the reason for this may 
be because mouthguard encourage a `pursed lip' type of breathing, which has been 
shown to decrease CO2 tension, increase oxygenation, and exercise tolerance. A bigger 
tidal volume, with slower ventilation rates gives better alveolar ventilation. 
Amis et al. (2000) investigated the effect of mouthguards on oral airflow 
resistance (R(, ). They found that mouthguards tend to increase R. but only when the jaw 
position in subjects is controlled. When subjects are free to breath naturally they can 
compensate for the increased resistance by mouth opening and oral airway muscle 
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activity. Furthermore, it is known that the partitioning of oral and nasal breathing 
changes significantly during exercise (Wheatley et al. 1991), but the effects of 
mouthguards on this have not been investigated. 
Clearly physiological response induced by mouthguards needs further 
investigation. Current techniques appear to be suitable for obtaining this information, 
but more work should be carried out. 
4.6 Summary of User Needs 
Comfort and fit results are difficult to replicate. They are dependent on the nature 
of the study, primarily the duration, the type of users and questions. In all investigations 
reviewed there were too many variables present to be able to prove what design aspects 
presented the problems to the users of mouth-formed guards. However a set of standard 
parameters that distinguish between a good and a bad mouthguard have been commonly 
accepted. Theses are listed below. 
Parameters for user evaluation: 
" Comfort 
" Bulkiness 
" Stability/retention 
" Hardness 
" Speech 
" Oral dryness 
" Nausea & gagging 
" Inclination to chew 
" Breathing 
4.7 Mouthguards Materials Testing Techniques 
Mouthguard materials have been investigated using several techniques. Two 
important and complementary approaches are represented: structural investigation and 
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materials investigation. They include standard mechanical tests on sheet material 
(material), FE models of various idealisations (structural and materials), and 
instrumented and non-instrumented impact tests of mouthguards in-situ (structural). 
Key to their complementary effectiveness in understanding a system is their hierarchical 
relationship, with materials tests often being considered a local analysis of the system 
and structural tests being considered synonymous with global behaviour. 
The following review of the research available in this area will show that it is very 
difficult to design a standard test for comparison and evaluation of mouthguards, as 
desired by various organisations to develop standardisation protocols. Several methods 
are considered with the successful parts adapted and used in the investigations of the 
remaining chapters. 
4.7.1 Mechanical and Physical Tests 
The variety of mechanical and physical tests that can be carried out to investigate 
a material are potentially vast. The difficulty for research in this field is selecting and 
developing the correct tests, which will allow identification of the best materials. The 
mouthguard should exhibit all the required features proposed by the dental 
professionals, and also reduce the effects of impact. Hence the tests are selected based 
on identifying these requirements in the materials. Although the clinical requirements 
are easily identifiable as outlined in section 4.6 above (non-toxicity, taste, comfort, 
limited speech interference, retention, durability, low cost, ease of processing and bite 
resistance) quantifying relevant parameters within a material which control these 
aspects is more difficult. 
Going et al. (1974) conducted tensile, tear, hardness, impact energy absorption, 
and water absorption tests on samples of 57 different mouthguards. They make the 
reasonable suggestion that tensile strength, tear strength, and elongation are measures of 
a materials durability. Hardness, rebound and penetration are likely to be related to the 
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degree of protection provided, and water absorption is an indicator of the material's 
long term stability in an aqueous environment. The range of material properties in the 
samples tested was large, and the authors take this as evidence that a wide range of 
material properties, and thus materials, are acceptable for construction of mouthguards. 
In their conclusions they suggest certain silicones possess the properties necessary to 
form a good mouthguard but need further investigation. Further work was carried out to 
try and optimise the materials (Loehman et al. 1975), but the optimal behaviour is still 
unclear today. 
Craig & Godwin (1967) measured the ultimate tensile strength, tear strength, 
shore hardness, water absorption and solubility for several different polymers used in 
mouthguard fabrication. They suggested that materials of intermediate hardness and 
energy absorption would provide `optimum qualities'. From their materials this was 
EVA (poly vinyl acetate-ethylene copolymer), although the description `intermediate' is 
difficult to use as a design criteria. Different materials have been tested by several 
authors, including Wilkinson & Powers (1986), Park et al. (1994) and Bishop et al. 
(1985) who also used some non-standard compressive tests to compare materials. 
Chaconas et al. (1985) measured the durability of three different guards (laminate 
thermoplastic, PVAc-PE also known as EVA, and polyurethane). The dimensional 
changes at different points on the occlusal surfaces of the guards were measured. Each 
guard was worn for a6 game period by the subjects, and then the measurements from 
before and after were compared. The laminate guard showed the least dimensional 
change overall, and the PVAc-PE showed less change than the polyurethane guard. 
Standard physical properties of polymers are readily measurable. However most 
polymer manufacturers will have this physical and chemical data available in a data 
and/or safety sheet available upon request. The protective qualities of a mouthguard 
possessing these material properties is the aspect that is unclear. It requires in-situ 
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experiments in conjunction with standard materials tests to gain such an insight. 
Research using an in situ approach is considered in section 4.7.3. 
4.7.2 Materials Specimens 
The approach of many authors to measuring mouthguard's protective capabilities 
(arguably the fundamental aspect) has generally followed the same path. They attempt 
to measure "absorption" of various types. Some call it energy absorption, others impact 
absorption, and there are several other terms used. The research is characterised by an 
imprecise, and in many cases incorrect, use of materials mechanics terminology. This 
section attempts to decipher some of the incorrect terminology which has been used, but 
there is a considerable amount, and so only the main examples are highlighted. 
Craig & Godwin (1967) measured two types of energy absorption, static and 
dynamic. Static energy absorption was defined as the area under the hysteresis loop 
from a compressive load/unload cycle of a sample. The sample was a uniform disc 
compressed by 20% of its total thickness. The load and deformation were converted to 
stress and strain (presumably engineering stress and strain) by standard means. 
Although true stress-strain curves provide a more accurate value for energy absorption 
they are not significantly different from engineering stress-strain curves, unless high 
strains are used. The static nature of the tests used ignores the very different properties 
of polymers under impact loading rates, and as a result dynamic tests were also 
performed by the authors. A standard pendulum rebound test was used that gives a 
relative value of energy absorption defined by the percentage rebound that occurs 
calculated from the potential energy of the pendulum. 
Similar methods were used by Bishop et al. (1985), although technically more 
complex as they used a spherical indenter for their static tests. However, they did not 
account for the load distribution of the spherical indenter in their analysis. This meant 
that when calculating the area of the hysteresis loop they were actually calculating work 
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of an unknown area and volume. Dynamic tests by Bishop et al. were performed using a 
vertical rebound tests as opposed to a pendulum. In both cases the amount of energy lost 
cannot be considered solely responsible for the material deformation, as there is 
deformation and vibration of the apparatus which also absorb energy. Going et al. 
(1974) used a dynamic pendulum test which also measured penetration. 
Park et al. (1994) conducted tests on mouthguards and material specimens. When 
testing the material specimens they used a vertical drop test, which incorporated a force 
transducer, carbon paper to measure the contact area, and a video camera to measure 
rebound height. The use of a force transducer is a good example of direct 
instrumentation of impact tests. This technique gives data regarding the load on the 
substrate. As the thickness of the sample increases logarithmically the force and stress 
decreases logarithmically, which results in a linear plot. The difference in force 
distribution noted using the carbon paper showed the softer EVA material distributing 
the force over a wider area compared with the Proform material which is harder. From a 
protective mechanisms point of view, this behaviour can be clearly identified as 
cushioning. This cushioning mechanism can also be seen in several other experiments 
from different authors, although it may not be described as such. 
There have been several other papers using force transducers in impact 
experiments to measure forces transmitted to substrates, although many authors confuse 
this for energy. Bulsara & Matthew (1998) tested different laminated EVA samples, 
specifically trying to evaluate the performance of Sorbothane inserts. They noted the 
samples including the Sorbothane inserts produced a much lower peak force. 
Westerman et al. (2000) also investigated hard inserts on materials samples with a drop 
test, and once again the authors mistakenly equate energy absorption with force 
reduction! They noted that the "most efficient energy absorption" was observed when 
the hard insert was located nearest to the base. The variation in laminated mouthguard 
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response seems unsurprisingly influenced by location of laminates or inserts. It is an 
important concept, which is presented in the FE investigation of chapter 10. 
Westerman et al. (1997) used a similar methodology, and also evaluated the effect 
of air inserts in material samples. They found that the air insert samples reduced peak 
impact force by 32% compared with standard EVA sample of the same thickness. 
However, later work by the same author (Westerman, et al. 2002) on closed cell foams 
showed no significant difference in peak impact forces compared with standard EVA of 
the same dimensions. Westerman et al. (1995) also noted the reduction in transmitted 
force with the increase in material thickness, until approximately 4 mm when there was 
no significant reduction in transmitted force with any further increase in sample 
thickness (the strike face of the impactor was flat and 12.75 mm in diameter). Similar 
experiments were carried out by Auroy et al. (1996) who found unsurprisingly that 
harder materials would produce a higher peak force. They took this as a measure that 
hard materials absorb less shock, which seems a rather simplistic and possibly under 
developed conclusion. 
The various forms of transducers available were evaluated by Takeda et al. 
(2004). The aim was to test if the sensor type could have caused the variation in impact 
absorption abilities of the various materials tested. They measured peaks recorded by an 
accelerometer, load cell, and strain gauge, and compared them with and without 
mouthguard samples covering them. There were significant differences in results 
depending on which sensor was used. Another paper by the same authors investigated 
the variation in results caused by the impacting object, and found, expectedly, 
significant differences in results depending on the impact object. These results partially 
explain the variation seen in the literature, which ranges from 2% to 90% impact 
absorption for similar samples. It further reinforces the need for a standardized testing 
procedure, but highlights the difficulty in accurate and reproducible instrumentation. 
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Although many of the tests described may seem to lack rigour, they do provide 
evidence of an adequate way of comparing materials tested under the same conditions. 
How applicable these results are to fully formed mouthguards made from these samples 
is unclear. 
A different and more rigorous approach to measuring energy absorption in 
materials was adopted by Low et al. (2002). They measured the elastic-plastic response 
(hysteresis) in polymers using a ultra micro-indentation system (UMIS), as opposed to 
static and dynamic impact tests mentioned above. This method allows accurate 
examination of thin polymer layers because it uses very small apparatus. It also allows 
calculation of contact pressures and elastic modulus based on Hertzian theory. 
Techniques of this nature, although quasi-static, are important because polymer 
properties can vary greatly with thickness, possibly as a result of the manufacturing 
technique. 
The best example of investigatory work on mouthguard materials was provided by 
Patrick et al. (2002). Drop weight impact tests were conducted on a set of laminate 
samples, consisting of various materials. Force-time and displacement-time data was 
derived from multiple sensors (accelerometer, strain gauge load cell, and displacement 
transducer). It also included an LED/phototransmitter reflective transducer to determine 
displacement during impact. They compared the samples based on maximum 
displacement and peak impact force and found that laminated structures exhibited less 
deformation than solid ones. Although they did not investigate the distribution of stress 
in the substrate the approach is good and aspects are compared to the results in chapter 
8-10. 
4.7.3 Mouthguards Tested In Situ (Structural Response) 
The necessity for in situ tests is unquestionable. The effect of geometry on the 
behaviour of any device (engineering, sporting or protective) is paramount. It is the 
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geometry or form, which is intimately linked with function. It was the architect, Louis 
Henri Sullivan (1886) who said "Form ever follows function. " His quote implies not so 
much the importance of function over form, but rather that the two are intricately 
intertwined and inseparable. 
The various types of in situ tests (cadaver, volunteer, animal, artificial jaw) are 
described in chapter 3.2.4. In the following section some of the artificial jaw models 
will be considered in more depth, and how they are used in conjunction with 
mouthguards to measure their performance, as opposed to understanding injury as 
shown in chapter 3. 
In situ tests have, in general, been carried out on various types of artificial dentate 
jaws, because of the difficulties associated with testing on cadavers, animals and 
volunteers. Nevertheless a study on cranial pressure in a cadaver was carried out by 
Hickey et al. (1967), and Johnston & Messer (1996) who tested the performance of 
specially designed mouthguards on sheep mandibles. They found that mouthguards 
increased the force necessary to cause injury as measured by a load cell in a servo- 
hydraulic ram in the test apparatus. They also found that mouthguards increased the 
chance of neighbouring teeth being injured. This proves the load spreading ability of the 
guard. It would be premature to accept this as proof of a problem with mouthguards 
without further investigation. 
Most authors have used stone/plaster model jaws for testing mouthguards in situ 
(Godwin & Craig 1968, Watermeyer et al. 1985 and Oikarinen et al. 1993), but the 
methods used for assessing the protective capabilities differ. The first examples of a 
replica jaw used by these authors did not possess separate teeth and jaw, but were cast 
as one part. Watermeyer et al. (1985) counted the number of broken teeth over 
successive impacts and compared them with the number of teeth broken without 
protection. They calculated momentum change (impulse) in N s, but referred to this 
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quantity as force. Mistakes of this nature are commonplace in the dental literature. For 
instance, Oikarinen et al. specify force as height x mass xg (vertical drop test), when in 
actual fact they have calculated potential energy. They use a similar method of 
assessment of the mouthguards, but instead of counting broken teeth they measure the 
mean minimum `force' (potential energy) to cause damage. Craig & Godwin (2002) 
used the percentage rebound method on stone cast models for determining impact 
absorption. However, they published an improved study in 1968, when they applied a 
brittle lacquer to the stone casts and attempted to quantify stress in the model. It shows 
one of the few attempts of the dental community to understand how mouthguards alter 
stress and strain on a substrate, which are much more representative of protective 
behaviour than reduction in peak force (transmitted or developed) whatever it is called. 
All of the examples so far have looked at frontal, horizontally directed forces. 
However, just as important is the vertical impact from below to the mandible. Maeda et 
al. (1990) used a force transducer system to look at occlusal forces during biting tasks. 
They used real subjects with mouthguards in vivo as opposed to the model jaws 
described so far. Although this is not representative of injury conditions it did show that 
mouthguards distributed these forces more evenly. 
Although the technical aspects of many of the investigations described are 
confused, they are fine for assessing mouthguards on a comparative basis. However 
more repetition is needed to improve accuracy, as stone casts of the type used showed a 
high scatter dependent on how they had been made. Inclusions and cavities can 
significantly raise stresses which can initiate cracks. 
Improvements to standard stone jaws have been made in several investigations. 
The first example is from Greasley et al. In three papers (1997,1998, and 2000) they 
developed and tested an artificial jaw and several custom made mouthguards using 
impact tests. The jaw was made from polyurethane and housed a rigid composite jaw 
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bone, and ceramic teeth. The jaw was placed in a spring loaded support to mimic the 
dynamic behaviour of the real system. A conical shaped impactor was dropped onto the 
jaw protected by a mouthguard. The number of broken teeth were counted and the 
values for different guards were compared. The authors noted that thicker guards did not 
offer any more protection, and that custom made guards protected better than mouth- 
formed. However, the authors did not note that it is impossible to fit the mouth-formed 
guards to an artificial jaw properly. Furthermore, the mouthguards that exhibited no 
improvement in protection with increasing thickness were all greater than 4 mm thick. It 
has been suggested that protection may `level off after thickness has increased to a 
certain level, which may have occurred in these experiments at 4 mm. Thus thickness 
should not be considered unimportant in protection, but rather that specific thicknesses 
are better for specific impact conditions. 
The procedure was improved further by Warnet & Greasley (2001) by the 
inclusion of a force washer in the impactor, which allowed force-time traces to be 
recorded. Although secondary peaks were present indicating full compression of the 
spring mounted jaw, it was not clear whether damage to the teeth and jaw occurred 
before or after this instance. It is highly probable that different failures will occur at 
different stages depending on the type of loading. 
De Wijn et al. (1982) used an epoxy resin maxilla with the teeth made from the 
same material, embedded in the jaw using a coating of a low modulus epoxy resin to 
simulate the PDL. On the buccal and lingual surfaces of the roots they attached strain 
gauges. Non-destructive impacts were applied via a pendulum impactor. They divided 
the strain measured without a mouthguard by the strain measured with a mouthguard, 
and used this ratio as a measure of protection for one set of tests. They then used 
calibration data from a known static force to convert the strain values to forces. They 
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noted that rigid' mouthguards transferred more of the load to the surrounding teeth, and 
thicker mouthguards protect more. They also noted that a gap between the anterior teeth 
and the mouthguard, as incorporated in the design of a mouthguard, reduced the 
measured load on the teeth considerably. However this is probably an anomaly 
attributed to the low loads used. A similar model was used by Bemelmanns & Pfeiffer 
(2001). The dentate jaw was purchased from Frasaco (Tettnang, Germany), and was 
made entirely from PMMA. Fewer strain gauges were used compared with De Wijn, 
and the voltage recorded with and without various mouthguards were compared 
directly, rather than converting the values to strain. 
Hoffman et al. (1999) developed a novel jaw, made from different plastics, 
aluminium, and silicone. The teeth were embedded in the softer silicone to allow 
transverse and/or rotational displacement of the roots. The displacement of the teeth 
upon loading by pendulum impact was recorded directly to a chart by a registering 
device attached to the teeth (for a clearer description of the apparatus see their work). 
They compared the displacement of the teeth when unprotected to the displacement of 
the teeth when protected by various mouthguards modified in different ways. There are 
interesting points made about specific design aspects of these guards but because they 
are only comparable to the other guards in their experiment only the general trends will 
be mentioned. As expected, and seen in many of the experiments reviewed, thicker 
mouthguards caused less deflection of the teeth loaded directly. All guards spread the 
load over the neighbouring teeth thus causing small deflections to indirectly loaded 
teeth, and the force distribution is determined by the rigidity of the guard. 
1 In this thesis and the literature mouthguard materials are often referred to as rigid. This is a generic term 
synonomous with `hard' and `stiff and does not imply non-deformable. 
92 
4.7.4 FE Models of Mouthguards and Related Materials 
There are very few examples of FE models which incorporate mouthguards. 
Primarily this is because the tooth/socket/jaw system is not very well understood and 
the majority of research has been focused on understanding that. Thus the majority of 
FE work has addressed issues relating to material behaviour in and around the teeth. 
However there have been two pieces of research that have implemented the FE method 
to investigate mouthguards. 
The first example is provided by Kim & Mathieu (1998). They attempted to 
model the practical work of Kim mentioned earlier. An FE model was built up that 
consisted of a flat-ended indenter and a disc of mouthguard material. The disc was 
constructed as a laminate. Two variations of laminate were used. The first was a soft 
upper layer and rigid lower layer, which was not found to be significantly different to a 
monolayer in terms of stress distribution and impact force. The alternative construction 
was a rigid top layer and softer lower layer. This was found to significantly alter 
stresses and forces, and the extent to which this was effective could be managed by 
changing volume fraction and modulus ratios. 
The second example of FE work with respect to mouthguards is by Cummins & 
Spears (2002). They used a 2D plane stress model of a maxillary incisor with a 
mouthguard layer included. They varied the thickness and modulus of the mouthguard 
and recorded the magnitude of tensile stresses in the tooth. The load was applied by a 
point load on the surface of the guard, statically, to represent a collision with an object. 
The model was validated by comparing displacement of the tooth to known in vivo 
displacement values. The 2D and linear elastic material assumptions are reasonable, 
although there is much room for improvement, particularly with respect to the PDL. 
They reinforce the general consensus that thicker mouthguards protect more. Increasing 
guard stiffness is found to reduce stresses in the tooth-complex by spreading stresses 
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and reducing the mis-alignment of shearing in the root. However the model is static and 
is loaded by application of a force at a point, which means it does not include the 
increased contact stresses which occur with rigid materials during impact. The results 
are informative and deserve credit. However there are still question marks over the 
protective mechanisms in a fully dentate jaw, and aspects influenced by strain rate 
behaviour. 
The use of linear elastic material models for polymer layers may seem an 
oversimplification, but it is wise to start with the simplest approximation. A discussion 
of the behaviour of these layers in the context of FEM should help to highlight the most 
basic understanding of energy absorption, something which seems to be lacking in 
much of the literature. 
Two linear elastic layers of different moduli (high and low) `absorb' the same 
energy in a model impact, i. e. all kinetic energy is transferred to strain energy when the 
impactor reaches zero; the state immediately before rebound begins. Although the 
statement `absorb' may tend to indicate that energy is lost from the system, we know 
that this cannot be the case. An examination of the coefficient of restitution illustrates 
this point clearly, with all values approaching one for any type of linear elastic material 
(i. e. no failure characteristics). Small energy losses can be attributed to the dynamic 
nature of the model, such as elastic wave propagation. 
It may be tempting to describe the different layers as equally effective in 
protecting the substrate because of the similar energy absorption, but this is inaccurate. 
It is, in fact, how these layers alter the magnitude of forces, associated stresses and 
strains that is important. Since it is possible that injury will occur before the unloading 
phase of an impact is complete, any energy absorption by viscoelastic properties may 
not offer protection to the tissues. The most likely form of energy absorption that will 
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offer protection is that of plastic deformation, which is unwanted because it means the 
guard would be damaged and not operate in the same manner for the next impact. 
Unless more detailed material models are to be included in future FE models, then 
omitting attempts to analyse energy absorption from the current approach of research in 
this field would be a positive step. Nevertheless it would be unwise to forget about it 
completely. 
4.8 Summary 
There are many points raised in the review of mouthguards research in the above 
section. In this section these will be summarised, and then in the following chapter these 
trends and possible protective mechanisms will be brought together to describe the 
hypothetical protective mechanisms investigated in the remainder of this work. 
9 The general belief is that mouthguards prevent damage to the dental structures of 
the mouth in two ways; distributing the impact over a larger surface area and 
absorbing the energy by permanent deformation and heat development (De Wijn 
et al. 1982, Low et al. 2002, Westerman et al. 1995, McClelland 1999, and 
Chapman 1989). 
The mechanisms described are generally similar across many of the papers which 
attempt to define them. However, they lack detail of the more intricate aspects, and 
statements such as `load spreading' can be interpreted from many points of view e. g 
spreading over multiple teeth, or spreading over a larger surface area because of greater 
material deformation. Thus they require a clearer definition with evidence, which will 
be shown in the reminder of this thesis. 
" The presence of multiple peaks and resonance in instrumented data suggests the 
need for dynamic FE and/or high speed video to understand the impact. 
" `Energy absorption' tests do not quantify the protective capabilities of 
mouthguard performance, contrary to suggestions in the literature. 
95 
It is entirely possible for a material with high energy absorption values to increase 
peak impact forces and substrate stress, because it is harder, compared with a material 
with lower energy absorption values which is softer. Energy and shock absorption as 
seen in the literature is generally considered to be a percentage reduction in peak force, 
or percentage of rebound height. Not even the best foam composite impact absorbers, or 
devices such as crumple zones in cars are expected to absorb 90% of the energy in a 
collision, a figure applied to the energy absorption of some mouthguards. To say a 
4 mm mouthguard can is nonsensical and misleading. There is a very big difference 
between saying the impact energy absorbed is 90% and the peak force is reduced by 
90%. This is something that needs to be made clear to the dental research community if 
a standard is going to be developed. 
" An authorative test protocol/procedure is required that will specify the quality of 
a mouthguard, and can be adopted in any future BSI standards. Several 
innovative approaches have compared various mouthguards, but it is still not 
clear which are the most appropriate. A combination of approaches (materials 
tests, in situ impact tests, FE) should provide the best grounding for such a 
protocol 
" The materials tested fall in to 5 categories: (Going et al. 1974, Park et al. 1994). 
o Poly(vinyl acetate-ethylene) copolymer (PVAc-PE) or EVA is the most 
frequently used for mouthguard manufacture. 
o Poly(vinyl-chloride) (PVC) is the second most frequently used, 
o Natural rubber is the third, 
o Soft acrylic (PMMA) is the fourth, 
o Polyurethane (PU) is the least popular 
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Chapter 5 Experimental Approach 
5.1 Introduction 
Numerous experimental and theoretical approaches to a range of issues related to 
mouthguard design have been covered in the previous chapters. It is clear that the 
complex system under consideration cannot be analysed in a fully realistic situation 
with a live subject, and individual tests with cadavers or models do not provide all the 
answers. Nevertheless each variety of test and investigation provides its own insights to 
the problem, and can be used in conjunction with one another to provide a platform for 
improved investigations. 
Chapter 2 considered the physiology of the dentition and related structures, how 
they behave and change over time, and the inherent differences between individuals. 
From this the normal operating conditions of the dentition are considered, and particular 
aspects of behaviour such as dynamic failure, static failure, and other mechanical 
properties are listed. All these areas are vital in understanding the behaviour of the 
system. However, it is not enough just to understand the possible behaviour of the 
system based on its fundamental components. Several other external factors alter the 
outcome of the impact event, and their effects must be tested and evaluated. 
The impact event and outcome are considered in detail in chapter 3. However the 
context of these effects is set in reality rather than in the world of biological materials 
tests seen in chapter 2. Often the outcome of impact is a particular type of injury, and if 
not, then tooth movement and material deformation occurs without serious failure. A 
combination of literature on dental injuries and methods for investigating them shows 
that it is difficult and inappropriate to propose absolute failure criteria for variable, 
complex structures such as teeth. However, phenomenological behaviour of tooth 
movement and general impact criteria can be used to provide a rough prediction of the 
risk of injury. 
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Chapter 4 considered the effect that mouthguards have on the teeth, jaw, and other 
components of the biological system. It looked at how the guards, and guard materials, 
alter the impact event (e. g. how they could protect), and how important user opinion is. 
Current methods for measuring impact in the system were shown, such as instrumented 
impact tests, together with work on material properties which control this behaviour. 
However, it is clear that there is no standard methodology available for assessing 
mouthguards, and furthermore there are no comprehensive protection criteria which 
they should meet. Protective mechanisms have been suggested based on various 
concepts such as cushioning, absorption, and spreading. However the extent to which 
these are applicable, and if aspects of each effect the others, has not been rigorously 
demonstrated. 
From the key points developed in the literature review and summarised above, the 
aim of the thesis can be broadly defined as: The development of a more detailed, and 
clearer understanding of mouthguard function than already exists. 
To meet this fundamental aim, three individual but complementary approaches are 
adopted. Each part incorporates a variety of aspects of the problem, and together they 
form a comprehensive research methodology of mouthguards. The following three 
pronged approach is implemented over the remaining chapters. 
1. The investigation, modification and testing of an artificial jaw which is used to 
assess mouthguards, comparatively and semi-quantitatively, under impact 
conditions. 
2. A user study which explores the human factors that direct and constrain 
mouthguard design. 
98 
3. Developing, testing and refining some basic concepts of mouthguard protective 
mechanisms by means of a number of finite element models, and exploring these 
in relation to known material parameters. 
These three aspects are introduced in the remainder of this chapter, and each is 
developed further in subsequent chapters. 
5.2 Investigative approach 
The three aspects of this work which were identified earlier are outlined in the 
remainder of this section. Because of the complexity of the problem, investigative 
approaches considering all aspects of the system are difficult. Previous research has 
usually focused on a particular part of the problem such as material properties, injury 
aetiology or epidemiology. In research on these aspects, and many others, models are 
often employed. Models and modelling are the fundamental architecture used in 
scientific investigation. It is a basic tool used to investigate properties of interest in 
some real phenomenon or system. 
Models may be experimental or theoretical. Experimental models are usually of 
the same physical nature as the actual phenomenon but reproduce it in a simplified form 
(Plumbridge et al. 2003). Theoretical models represent real phenomenon by employing 
abstract concepts, often using mathematical methods of analysis. Theoretical models 
can be computational or analytical. Because of the interdependence of theoretical and 
experimental models, the relationship between theory and practice, it is usually 
considered bad practice to implement only one or the other. 
5.2.1 Artificial Jaw 
In vivo testing of mouthguards has several problems as identified in previous 
chapters. Thus a mechanical model of reality (a dentate jaw) is required to test a 
mouthguard during impact. This requires simplification of the biological structures to a 
form that is usable but which also represents important aspects sufficiently well. A 
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highly simplified model can be used which acts in a similar fashion to the human 
structure, exhibiting similar behavioural trends but which excludes the poorly 
understood, complex detail of the natural system. This approach is valid as long as the 
abstraction does not alter the overall trends of behaviour. A model of the whole head 
with TMJ and influences of other connecting structures within the human system would 
be ideal, but the simplification of all these structures into an artificial form may not 
improve the validity of the model. Although the model would be incorporating more of 
the possibly influential sub-systems and characteristics which clearly effect its response, 
the interaction of these model components are only roughly known. Including more 
unknowns in this way may decrease the validity of the model. 
The review of the available jaw models offers several options for construction of a 
simplified artificial jaw. There are two important features the mechanical model should 
possess, reproducibility and realism, so that various injuries and various realistic impact 
energies should be possible. Realism and reproducibility are difficult to obtain, 
particularly in dynamic tests on complex systems. The model that allowed the closest 
control of these aspects was developed by Greasley et al. (1997). In their model they 
created every component from scratch, rather than purchasing and adapting a ready 
made jaw as authors such as De Wijn et al. (1982) and Bemelmanns & Pfeiffer (2001), 
or using a very simple single material such as a stone cast jaw like authors such as 
Godwin & Craig (1968), Watermeyer et al. (1985) and Oikarinen et al. (1993). The 
construction of a jaw from scratch with full control over the geometry and material 
behaviour of all of the components is much more advantageous. 
Because the tissue properties are not fully understood, a selection of materials for 
the artificial jaw must be made that exhibit similar overall behaviour to the real jaw. 
This requires ceramic like materials for the bony parts (teeth, jawbone), and polymers 
for the fleshy parts (gingiva, PDL). Greasley et al. used two different materials found 
100 
commonly in dental industry. The first, `Moonstone', a derivative of gypsum or Plaster 
of Paris, was used for the teeth. Various mixing ratios were tried and tested to vary the 
fracture toughness, and the final selection had a fracture toughness Kic of 0.5 MPa m1 . 
The second, `Occlusin', was used to construct the jaw bone. It is a light-cured dental 
composite, with Kic of 3 MPa m1 . 
The teeth and jaw bone are housed in a polyurethane arch (Shore hardness 94). 
Thus the teeth have some potential for movement, as they do in reality, when the 
amount of movement is being determined by the PDL's response under the particular 
strain rate. An assessment of the components and materials was carried out by 
conducting several preliminary experiments which explored their behaviour. The results 
from these tests guided the construction and alterations to the artificial jaw which are 
discussed in detail in chapter 6. 
A number of drop impact tests were carried out on mouthguards fitted to this 
artificial jaw. The objective of these tests was not only to assess mouthguards 
comparatively and move towards an assessment methodology applicable to standardised 
testing, but also to link the results to user perceived views of mouthguards. Therefore 
the mouthguards constructed for the artificial jaw were of the same specification as 
those used in the user study. 
5.2.2 User Study 
Previous investigations of user response to mouthguards of various designs were 
documented in chapter 4. This work highlighted the importance of comfort and fit for 
the users, and the problems with increasing the acceptance of mouthguards for 
participants who do not feel that the mouthguard is protective or comfortable. There 
were many issues raised in the review but it was not possible to investigate all of these 
issues effectively. A basic strategy is proposed in the present work which uses two main 
approaches to assessing mouthguard comfort. Firstly the investigation of the effect of 
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time on comfort, i. e. user familiarisation, and secondly the effects of specific design 
parameters. 
Problems in studies of this type include using inactive participants, and using 
active participants without knowing how active they are. This means opinions on 
comfort are significantly altered because of the different physiological states of the 
users. They can be either completely at rest, which is clearly unrealistic, or each user is 
exposed to varying amounts of exercise depending on how they play or train. This study 
addresses the issue by standardizing the exercise routine for the users. Although each 
participant will respond differently to the same exercise routine, it is a more rigorous 
approach to testing. 
The sample population was small. Only 6 participants were used because of the 
expense in producing several custom made guards for each participant. Although this 
would suggest the results are statistically biased or otherwise not significant, there is 
still much that can be derived, as shown in the results in chapter 7. A semi-open 
qualitative design of the questionnaire was considered most applicable. A combination 
of open and closed questions were chosen, with each participant considered as a case 
study. 
5.2.3 Finite Element Modelling 
The two experimental approaches mentioned so far allow exploration of the 
mechanical protection provided by a mouthguard, how this is affected by specific 
designs, and how these designs alter the comfort and usability of mouthguards. 
However, the mechanisms by which the mouthguards protect are difficult to derive from 
these experiments. The most appropriate way of taking a closer look at structures during 
impact is with the finite element (FE) method. It is non-destructive, allows precise 
control and interrogation of a transient event, and provides stress data from within 
materials. 
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There are several decisions to make whenever an FE model is developed. 
Primarily these are made with consideration given to the fidelity, validity, correctness 
and accuracy of the model, which are in turn defined by geometry, material properties, 
boundary conditions (including loads and constraints), and by the nature of the 
discretization, which is the choice of element and arrangement of the mesh. Fidelity is 
an absolute measure of closeness to reality, and validity is a relative measure of 
closeness to reality (Shannon 1975). Accuracy is a purely mathematical description of a 
problem. If a solution is correct, in that the appropriate geometry, mesh, and loads 
produce the expected behaviour, then some refinement may be required to improve the 
accuracy. If the model and/or the solution are incorrect then accuracy is irrelevant. 
Assuming a correct solution then accuracy can be affected by factors such as the choice 
of material model, mesh density, geometric representation, element type etc. 
(Plumbridge et al. 2003) 
Specifically, issues relating to developing an FE model of the dental system 
include: 
0 Geometry of the root, presence of PDL, and correct tooth movement. The largely 
unknown behaviour of the PDL would suggest that it is too complicated to include 
in the FE model. However, if it is excluded along with the root then the tooth must 
be constrained by some other means, and the movement and constraints of any 
tooth-like structure should still allow appropriate behaviour. Several mechanical 
tests are conducted in chapter 6 to verify the importance of the PDL in 
mechanical, and FE models. 
0 Material behaviour: The composite materials of teeth identified in chapter 2 
cannot be modelled with high accuracy. However, a useful approach to modelling 
such complex hierarchical materials is to use a simple first approximation. There 
is no point introducing complexity if it is not correct. Thus the simplest 
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appropriate material models should be used at first, which is usually the linear 
elastic model. Representative values of Young's modulus, density, and Poisson's 
ratio are all available from the literature to define the material's behaviour. 
However there is scope for altering these depending on the validity and accuracy 
of the results. 
The other material of concern is that of the mouthguard material, in reality, 
a polymer such as EVA, but also other polymers with higher and lower elastic 
moduli that may be used in future. Viscoelastic material models are available for 
this, but they introduce complex non-linear behaviour, which often introduces 
misunderstanding in results, particularly when the loading conditions, strain and 
strain rate are not accurately known. Elastic material models can be used as a first 
approximation, with Young's modulus values for EVA artificially increased to 
take account of strain rate effects. 
" Geometry of the jaw and teeth: Most jaw models in the literature are of either 
the maxilla or the mandible, depending on the objectives of the model. Clearly 
both are involved in retention of the mouthguard, and in determining the loading 
conditions. However to include both maxilla and mandible, as well as the 
complicated TMJ, without understanding their relationship would probably 
decrease the validity and correctness of the model. Further geometrical 
simplifications are possible to improve the simplicity of the model, as long as 
the movement of the teeth and response to loads is acceptable. 
" Geometry of mouthguard: Because the geometry of the dentate jaw will not be 
precisely reproduced neither can the geometry of the guard. Thus it is dependent 
on the geometry of the jaw model employed, and must consider the proximity of 
the guard to the teeth, and define the type of contact with both the teeth and the 
impactor or loads. 
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" Contact management: In many contact analyses there are regions of high stress 
and large deformations, which require high element density to allow 
convergence. But friction and other contact behaviour must also be considered. 
Often this is dependent on how the software manages contact. 
" Loading conditions: In chapter 3, tooth fractures of specific varieties have been 
linked to hard object collisions, with small contact areas and short durations. 
Others have been linked to large object collisions, with large contact areas and 
longer durations. Thus these two loading conditions will be replicated. 
Influences of the lips, jaw and surrounding muscle groups as well as user 
behaviour have been considered, but because of the large variety of conditions 
that these can impose on the relative stiffness of the tooth socket system they are 
not modelled. 
5.3 Finite Element Software 
Before an FE model can be developed the most appropriate software is selected. 
The software of choice is partly defined by licensing and availability but also by the 
strengths and weaknesses of the particular FE packages. 
Two FEM packages have been used in this project, namely DYNA2D (explicit) 
and its associated post and pre-processors, ORION and MAZE (Lawrence Livermore 
National Laboratory, USA), and ANSYS (implicit) (Ansys inc. USA). The main 
difference between these codes is the way they solve partial differential equations, the 
basis on which the FE method works. Implicit solvers generally use the forward 
difference algorithm and explicit solvers generally use the central difference algorithm 
(Jones 2005). This means that the implicit solver will assume a constant average 
acceleration over the integration time step, compared with the explicit solver that 
assumes that the displacement changes in a linear fashion and calculates the 
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accelerations and velocities for the integration time step. Fundamentally ANSYS is 
force driven and broadly static, whereas DYNA2D is velocity (or force history) driven, 
thus broadly dynamic, and hence can model impacts much more effectively. 
A diagram representing the approximate solution times for general implicit and 
explicit solvers is shown below in figure 5.1. This clearly shows that for more elements, 
general explicit solvers are increasingly less costly. 
Number of 
elements Implicit 
Solution 
Time 
Figure 5.1 Diagram to shown comparison of explicit and implicit FE packages 
DYNA2D's explicit FE code provides a tool for investigating the important 
dynamic effects involved in collisions, such as elastic wave propagation, transient 
stresses and strain rate effects. This particular code is limited to two dimensions, but 
axi-symmetric models can be used to model 3D situations. For this reason the geometry 
will have little in common with the real situation and thus must be validated somehow. 
Gorham (2005) has shown that axially symmetric models of spheres impacting thick 
plates produce results in good agreement with experimental measurements on solid 
surfaces. However, his validation was with an experiment that was closely similar to the 
model. A similar numerical model of a sphere impacting a plate is used in the present 
project, but it cannot be validated in the same way because this model is an abstraction 
of the real system rather than a precise analogue. It requires that the model's behaviour 
duplicates the behaviour of real system closely enough to be valid, and justification that 
what is being modelled is applicable to the real situation. Therefore, a true 3D model 
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was also developed using ANSYS, which can be more closely associated with the 
mechanical jaw, while exhibiting the same trends as the abstract, axially symmetric 
model from DYNA2D. These models are discussed further in chapter 8. 
In contrast to the geometrical problems that DYNA2D presents, it also has some 
advantages over several of its competitors. Because DYNA2D's explicit solver is 
optimised for impact problems, and because the two dimensions requires proportionally 
fewer elements there is an associated gain in the time it takes to solve a problem and 
therefore allows numerous model variations to be tested at low CPU cost. 
The 3D ANSYS code is in many respects a more versatile software package and 
has options of several different implicit solvers, some of which allow dynamic effects to 
be accounted for. However, including these dynamic effects is particularly costly when 
modelling complex interactions such as those found in transient loading scenarios, and 
all the more difficult for the limited information available on the real behaviour of the 
system. The solution in ANSYS is only given for input forces or displacements, rather 
than solved in relation to time steps, so no real contact duration can be obtained. 
The brief discussion given above describing the two FE packages used is 
summarised in Table 5.1. 
ANSYS DYNA2D 
Implicit Explicit 
Slower (for this geometry) Faster (for this geometry) 
Static Dynamic 
Force driven Velocity driven 
3-D 2-D (axisymmetric) 
Table 5.1 A comparison of the main characteristics of the two finite element packages used in 
this project. 
A method for combining results from the two different FE packages and taking 
advantage of their individual features is presented in chapter 8. 
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5.4 Protective Mechanisms 
Previous authors have suggested several basic mechanisms of mouthguard 
protection, including cushioning, energy absorption and spreading. However, chapter 4 
demonstrated that these concepts were often poorly understood and non-rigorously 
applied. Therefore, in the present work, the main protection mechanisms have been 
reduced to two fundamental ones, which are referred to as cushioning and support. It 
will be shown that these together represent many aspects of mouthguard response to 
impact, and their trade-off is an important aspect of mouthguard design. These 
mechanisms will form the basis for the strategy and interpretation of the finite element 
studies, and are introduced in this section. 
5.4.1 Cushioning 
When two bodies collide, the magnitude of impact stresses depends on the 
mechanical properties of the bodies. Impacts between soft bodies involve low stresses, 
and with hard bodies the stresses are correspondingly higher. For the generic case of an 
elastic sphere impacting an elastic substrate, the mechanics are described by the theory 
of Hertz (originally published in 1882, and conveniently described by Johnson 1985). 
Some results from this theory are outlined in appendix 4. 
In the context of oral injuries, a collision between a hard object and hard tissue 
such as a tooth will lead to high local stresses. By interposing a soft layer (like a 
mouthguard) between these colliding surfaces, contact stresses are reduced, effectively 
by spreading the load over a larger area and longer duration. The reduction of maximum 
stresses in this fashion will reduce injuries, especially those characterised by brittle 
fracture e. g. various crown fractures, as well as any form of localised damage to soft 
tissue. 
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This mechanism of stress reduction by interposing a soft layer will be referred to 
as cushioning. This is clearly one way in which certain injuries might be mitigated, 
especially those arising from high local stresses. 
5.4.2 Support 
A mouthguard is typically shaped to fit closely around the teeth, normally those of 
the maxillary arch. Hence the neighbouring teeth share the load applied to the front 
surface (i. e. direct lateral impact), which would otherwise be concentrated on a single 
tooth. This clearly depends on the stiffness of the guard and its ability to resist local 
deformation, which is in conflict to the requirements for good cushioning behaviour. 
A close approximation to dental behaviour can be made by considering the teeth 
as a row of embedded cantilevers covered by a uniform mouthguard layer. A useful 
analogy can be made by considering playing a piano when the keys are covered by a 
layer of fabric. If the fabric layer over the piano keys is thin and flexible, such as a thin 
cotton cloth, then pressure above a key will still move only that key, and playing would 
be almost unaffected. However, if the layer was thicker and/or stiffer, such as a piece of 
carpet, then pressing above one key will move keys on either side as well. The 
concentrated loading is being shared between several keys, and the stresses on the key 
directly below are much reduced. 
The support mechanism is illustrated in figure 5.2, which shows the effect of a 
layer overlying three cantilevers. Figure 5.2a shows the resulting forces on those 
cantilevers when covered by a stiff, supporting layer, and figure 5.2b shows the same 
for a softer less supportive, flexible layer. In the first case, the load is divided equally 
between the three cantilevers, while in the second, it is concentrated on the central one. 
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FF 
Guard layer Y 
End of 
cantilever 
a) Load shared, so central tooth takes F/3 teeth 
b) Majority of force carried by central tooth 
Figure 5.2 Plan view of 3 cantilevers with (a) rigid protective layer interposed between the 
load, and (b) a flexible protective layer interposed 
In the context of teeth protected by a mouthguard, it is convenient to describe this 
behaviour as a central tooth being supported by those either side. Therefore, it will be 
referred to as the support mechanism in this thesis. This mechanism explains why 
several of the authors in the literature (De Wijn et al. 1982, Bemelmanns & Pfeiffer 
2001, Hoffman et al. 1999) measured higher forces and greater displacement of 
neighbouring teeth with rigid guards covering them compared with flexible guards. 
The support mechanism is very distinct from cushioning. It is very much a global 
or structural mechanism rather than a local materials mechanism such as cushioning, 
and so it is reliant on the geometry of the system. Nevertheless it may include a local 
component similar to that identified by Cummins and Spears (2002). A simplified form 
of the teeth is a set of regular, neighbouring cantilevered beams, but in reality the beams 
(teeth) are embedded in a complex nonlinear material, the PDL. Nevertheless the 
supporting mechanism will be present in either case. 
5.4.3 Other Mechanisms 
It is appropriate at this stage to comment on two other possible protective 
mechanisms. First there is the concept of load spreading. This is inherent in both the 
cushioning and support mechanisms that are the focus of the present work. In the case 
of cushioning, then spreading occurs in space because of the larger strains and larger 
contact areas found with more compliant materials. Also spreading occurs in time, as 
impact durations are longer. Spreading is inherent in the support mechanism due to the 
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more rigid layer sharing load over a wider area of one tooth or over many teeth. 
Because it is part of the two generic mechanisms identified in this work, it is not 
necessary to consider it as a separate mechanism. 
The second common mechanism is that of energy absorption arising from the 
mouthguard material being lossy in some sense. This has an effect in two areas. First, 
energy absorbing processes such as plastic deformation, and second, the inherent loss 
processes in viscoelastic materials. Both of these processes reduce restitution of the 
impactor, and hence reduce the momentum transfer to the system. However, the amount 
of energy absorption, and hence reduction of stress or impulse, is in general, small. 
Note that several authors have incorrectly attributed the reduction in stress due to 
cushioning as caused by energy absorption, as identified in chapter 4. 
5.5 Summary 
A project strategy has been developed that includes an artificial jaw and other 
mechanical models, a user study linked to the tests on the artificial jaw, and FE models 
which explore possible protective mechanisms. In the following chapters (6-10) the 
respective investigations will be outlined and consideration of the important concepts 
such as tooth movement, possible injury mechanisms, and methods of measuring injury 
risk (i. e. displacement and stress) will be shown in the results. The interplay between 
fidelity and validity is clear during the development of these models. Shannon (1975) 
suggests that validation involves a continuing interplay among rationalist, empiricist, 
and pragmatist philosophies. Without considering the many philosophical arguments of 
validation and verification of models, the results in the following chapters justify and 
guide the logical development of this investigation to an arguably valid conclusion. 
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6 Artificial Jaw Development 
6.1 Introduction 
In this chapter the development of the artificial jaw for testing mouthguards in situ 
is shown. Initially, the artificial jaw of Greasley et al. is assessed. Further experiments 
are then carried out on the simplest components of the jaw (the tooth in its socket), with 
simple FE and photoelastic models of cantilevers also used. The artificial jaw developed 
during the testing in this chapter is then used in chapter 7 to assess a group of 
mouthguards. These mouthguards exhibit certain design features derived from the 
literature. 
Following the assessment of several mouthguards under impact conditions in 
chapter 7, a user study is also presented which investigates the effects of the same 
design features on participant perceptions of comfort. 
6.2 Initial Assessment of an Artificial Jaw 
Several artificial jaws are presented in chapter 4. Of these the most accessible was 
produced by Greasley et al. (1997,1998,2000) and used by Warnet and Greasley 
(2001). In this section Greasley's methods are described, and the drop tests are repeated 
using the same method but for a larger number of impacts, which allows an assessment 
of the reliability of the method. 
The plans for the artificial jaw developed by Greasley et al. (1997) can be seen in 
figure 6.1a with the dimensions of the teeth and other features. The artificial jaw 
represents a dentate maxilla consisting of a polyurethane (PU) arch with 14 sockets, 14 
ceramic teeth, and an artificial jaw bone. However there are some inconsistencies with 
the measurements in the designs from Greasley et al. and those of the real jaw seen in 
6.1b, which will be discussed more fully in due course. 
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Figure 6.1 (a) Plan of the artificial jaw with base unit used in impact tests (Greasley and Karrt. 1997) 
and (b) Photograph of Greasley's artificial jaw 
The PU arch was cast from Flexane94 (shore hardness 94) in two parts hecause of 
the difficulty in casting one unit, with a rebate for the jaw hone in one part, and tooth 
sockets in the other. The two parts were then bonded together and two square pillars 
were attached using more PU. which allows the jaw to he placed in the spring loaded 
base shown in figure 6.1 a. 
The teeth are cast using a dental material called Moonstone (a gypsum cement 
that forms a paste when mixed with water and then hardens to form a solid). which is 
thoroughly mixed with water in a 3: 1 ratio by weight giving it a fracture toughness K1( 
of 0.5 MN rn112. The paste is then poured into a multiple cavity mould (for the different 
teeth) coated with a silicone hased moults release agent. The casts are then agitated 
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before hardening to remove any trapped air. After 24 hours the teeth harden, they are 
removed from the mould and left for a further two days to finish hardening. 
The occlusin (a light-cured dental composite, KIC 3 MPa m12) jaw bone was 
constructed in the PU jaw arch. It was built up in the transverse plane, consisting of thin 
slices of approximately 1-2 mm each. Each slice was exposed to intense blue light for 
several minutes which caused the composite to harden. The next layer was then added 
and the hardening procedure repeated. This was repeated until the jaw bone filled the 
space as seen in figure 6.1b. 
The PU jaw was then filled with teeth, the mouthguard located, and the jaw 
situated in a spring loaded base to simulate natural head recoil during impact, as seen in 
figure 6.1 a. The springs had a maximum displacement of 16 mm and a combined spring 
constant of 1 kg mm"' (Greasley and Karet 1997). 
In figure 6.2 the impact rig is shown with jaw situated in the base, which is 
located below the guide tube for the conical shaped impactor (5 mm tip radius). The 
guide tube is positioned and clamped so that the impactor was aligned with the centre of 
the jaw and the gingival margin. The impactor was loaded with 0.51 kg of steel balls, 
and raised to a height of 2m which gave it an approximate velocity of 6.25 m s"1 upon 
impact and a kinetic energy of approximately 10 J. The damage to the teeth and jaw 
bone was recorded by noting whether and where the jaw bone and teeth were fractured 
for each drop. 
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Figure 6.2 Experimental set-up of impact tests 
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Greasley and Karet (1997) predicted that the rate of' decrease of momentum 
caused by the springs would result in peak impact forces of approximately 0.65 kN. 
Several assumptions are required for such a calculation, the primary one being that the 
springs are completely compressed. This is not an accurate assumption, but it seems the 
figures are of the right order of magnitude according to the FE work in chapters H- 10. 
After each impact the jaw was removed. and the damage to the teeth and jaw hone was 
recorded. Then the damaged parts were replaced and the jaw and mouthguard were re- 
aligned ready for the next test. 
Greasley et a!. conducted several sets cif tests on the artificial jaw in question. One 
particular set was chosen for attempted replication which allows an evaluation of the 
reproducibility of the test method. The tests chosen used drop tests as described. on a 
group of 19 mouthguards. with each guard impacted twice (Greaslcy ei al. 2(XX)). The 
mouthguards were manufactured by several different laboratories to fit the artificial jaw 
and thus exhibited the entire spectrum of construction quality. Although the results 
showed the protective capabilities of mouthguards. they also showed some instances 
where the protected jaws experienced more damage than unprotected jaws. To assess 
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the nature of some of the anomalies and the reliability and reproducibility of the tests 
the same group of mouthguards were acquired and tested again in exactly the same 
manner. with 5 drops on each guard. 
6.2.1 Initial Comparative Results and Discussion 
The correlation of results from tests by Greasley er al. (2000) and the repeated 
tests are shown in figure 6.3, with the average for each mouthguard represented by a 
different symbol. Those that share the same alphabetic character are from the same 
dental laboratory (some labs returned more than I guard for testing). The average 
number of broken teeth for the guards when impacted 5 times in the current work is 
shown on the X axis, and the average number of broken teeth for the guards when 
impacted previously by Greasley (2 times) is shown on the Y axis. 
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Figure 6.3 Correlation of average number of broken teeth for several niouthguards 
This preliminary work showed a slight positive correlation with the original tests 
performed by Greasley et al. (2000). The average number of teeth broken over 90 drops 
for these experiments was 3.07 and the standard deviation was 1.3, as opposed to 
Greasley et al. (2000) which showed an average of 2.55 broken teeth and standard 
116 
deviation of 1.42. Although there is a positive correlation between both sets, the 
correlation coefficient (R) is low at only 0.57, rising to 0.72 if the worst outlying point 
(L2) is removed. 
The degree of correlation brings into question the limited reproducibility of the 
test method. There are several possible reasons, including unreliable loading conditions 
which are characterised by unpredictable impactor behaviour. Replicating the precise 
conditions is difficult. This is because of the multi-component nature of the artificial 
jaw and other influences which are described shortly. The nature of impacts that cause 
injury in sport means that they are all different, so possibly the loading conditions in 
these tests could be considered more realistic because of the variation they exhibit. 
However, for scientific comparison the loading conditions must be reproducible. From a 
modelling perspective, if the mechanical model (artificial jaw) does not receive the 
same inputs, then the outputs will be significantly different. 
The slightly different impact events suggests the need to increase the number of 
drops to eradicate the effects of any erroneous results, and make the overall results more 
significant. Other reasons for variability could be: 
" Variation in ceramic teeth specimens. Bubbles and poorly dissolved particles 
decrease fracture resistance. 
" Degradation of the artificial jaw due to multiple impacts, so that the teeth were 
supported differently as the test programme progressed. 
" Degradation of the mouthguards after multiple blows. 
It appeared that Greasley's artificial jaw had degraded as a result of the repeated 
blows, particularly at the edges of the sockets, hence progressively affecting the tooth 
support. The creation of a standard artificial jaw to test mouthguards under impact 
conditions in situ, which gives good, reproducible results, is critical for assessing 
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mouthguard performance. If such a jaw was to be used in any testing protocol for the 
BSI or other standards organisation, it would also have to be easy to mass produce. 
6.2.2 Contact Time Evaluation 
A set of contact experiments were 
also carried out on the impact tests 
described previously. A circuit was 
constructed which included the impactor, 
Foil 
the mouthguard on the jaw, and a scope. conta, 
The circuit diagram is shown in figure 6.4. 
The tip of the impactor and the 
Figure 6.4 Circuit for measuring contact time 
mouthguard were both covered in 
aluminium foil. When the two objects came in to contact the voltage signal jumped to a 
low level for the duration of contact. 
The duration of contact was recorded for several impacts on the same guard, 
with two variations of attaching the foil to the impactor and guard (double sided tape, 
and adhesive glue). There was very little rebound of the impactor after collision and 
thus the transfer of momentum was considered approximately equal to my where m is 
mass of the impactor and v is impact velocity. Assuming that the force time curve could 
be approximated as a triangle wave allowed calculation of the peak and average forces 
as seen in table 6.1, where Favg = my/i, F, a = 2Favg and t is the contact duration. 
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Drop No Contact 
Duration ss 
Average Force 
N 
Maximum Force 
(F N 
Adhesive 
1 0.0182 171.7 343.4 
2 0.0077 405.8 811.7 
3 0.0047 664.9 1329.8 
4 0.0215 145.4 290.7 
5 0.0303 103.1 206.3 
6 0.0106 294.8 589.6 
7 0.0095 329.0 657.9 
8 0.0161 194.1 388.2 
9 0.0208 150.2 300.5 
10 0.0127 246.1 492.1 
Avg 270.6 541.0 
SD 167.4 334.8 
Double sided tape 
1 0.0182 130.8 261.6 
2 0.021 148.8 297.7 
3 0.023 135.9 271.7 
4 0.0236 132.4 264.8 
5 0.022 142.1 284.1 
6 0.0258 121.1 242.3 
7 0.0208 150.2 300.5 
8 0.0204 153.2 306.4 
9 0.0226 138.3 276.5 
Avg 144.6 289.1 
SD 19.64 39.27 
Table 6.1 Contact times and forces 
The results show a reasonable approximation of the average and peak forces 
according to the assumptions stated. The force levels for the double sided tape fixing 
appear more consistent, with a lower standard deviation, reinforcing the point that this 
was a more reliable method of attaching the contact foil. Often the foil would tear 
during collision when attached by adhesive, which explains the variation in those 
results. Furthermore the double sided tape appears to be cushioning the blow somewhat 
with lower forces apparent for the respective drop tests. 
6.3 Further Testing 
The variability in standardized testing using an artificial jaw, as seen in section 
6.2 suggests a need to find a way to improve them. An approach from a smaller, simpler 
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scale may uncover some possible improvements. The reduction of the jaw to a single 
tooth-socket problem in two and three dimensions has been used to investigate many 
dental problems with much success in the literature. 
A number of investigations were carried out to explore the nature of the tooth 
socket problem experimentally, while also aiming to reduce the variability in the results 
of drop tests on the artificial jaw. Primarily these involved quasi-static experiments on 
the simplest, and arguably most important components in the artificial jaw - the teeth 
and sockets - which inherently requires investigation of methods of embedding the 
teeth; these are discussed in the next section. In addition to these some alternative jaw 
models were explored, which have been included in appendix 3. 
6.4 Individual Tooth Models (Quasi-Static) 
Reduction of the artificial jaw to a simpler form from its many components could 
result in several interpretations of single tooth models. In this section three geometrical 
variations of teeth are presented: cylindrical, cylindrical with conical root, and square 
section. 
During this investigation it was hoped 
that validation of the moonstone teeth could 
he achieved by producing similar fracture 
patterns as shown in real teeth (figure 6.5). 
The literature survey suggested that the 
embedding mechanisms (PDL) of teeth can 
have a significant effect on how teeth behave 
under loading. However, it is unclear how the 
Crown 
Impact 
load 
direction 
PDL behaves at impact strain rates. The 
fractures paths commonly seen in real teeth 
have not been linked by previous authors to 
Figure 6.5 Common fracture paths found during 
clinical examination (Andreasen 1994) 
120 
any specific loading conditions, but the mechanisms by which these may be achieved 
have been discussed in chapter 3. By the end of this section, the tests will have shown 
some of these possible behaviours in the artificial ceramic teeth used for the artificial 
jaw, and shown that similar mechanisms are also present. 
In artificial teeth it is difficult to achieve fractures that are similar to those found 
in natural teeth. They involve different materials, and thus different microstructures, and 
different geometries, which undoubtedly control the overriding failure mechanisms or 
`injuries'. Injuries to the root portion of the teeth were identified in chapter 3 as the 
most serious. The root portion is also mechanically very important. How the root is 
embedded, and hence how the tooth behaves under various loading conditions is clearly 
a determining factor in injury, and in creating reproducible results from dynamic 
experiments with artificial jaws. 
Normal symmetrical bending of an isotropic material, as found in three and four 
point bend tests, produce symmetrical fractures that run perpendicular to the specimen 
surface and principle tension (mode 1, crack opening). However, because of the 
conditions of tooth fracture i. e. unsymmetrical tooth shape and loading conditions, with 
anisotropic and discontinuous materials, a mixed mode fracture is expected. Such 
conditions tend to produce oblique, non-linear fracture paths. 
Three idealisations of the tooth root were tested. Cylinders and square section 
teeth both appear in the current design of the artificial jaw, whereas cylindrical 
specimens with conical roots were considered a closer approximation to reality. 
The aim of this part of the work was not to derive classical failure criteria for 
Moonstone and Occlusin because these have been measured already by Greasley et al. 
Instead the aim is to explore the behaviour of various geometries and the effects of 
different bonding between the roots and the socket. To do this, individual model teeth 
were loaded while embedded in various sockets, housed in an aluminium block; a form 
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of asymmetric three point bending. Force displacement data was recorded during 
testing, and fracture patterns were compared. 
The test method for the cylindrical specimens required the aluminium block to be 
clamped securely to an MTS test rig with the artificial tooth placed in the socket, 
partially exposed. The specimen was then loaded by application of a force along a bar 
running perpendicular to the axis of the tooth as shown in figure 6.6. A constant ramp 
speed of 7 mm/min was used until fracture occurred. Although the loading area alters 
during deformation of the sample because the bar cannot rotate, all samples were tested 
under the same conditions. 
Loading bar covers front 3 mm from the tip of tooth Socket 
- 
Ar 
10, j Direction f__-- --------- 
of load ýýý ___°... Socket 
> 
8mm 
Artificial F-l 
Clamp 
tooth 12 mm 
Axial View Lateral View 
Aluminium 
block 
Tail 
cavity 
Figure 6.6 Schematic representation of cylindrical tooth testing experimental equipment 
The aluminium blocks which house the teeth have dimensions of 20 mm x 20 mm 
x 30 mm. The socket was drilled in the block to a depth of 12 mm. A smaller cylindrical 
hole (tail cavity) was also drilled into the block which opened into the socket so the root 
portion could be removed after fracture, but which could be plugged to prevent leakage 
when the PDL material was poured in. Two different diameters were used for the 
socket, 8 mm and 8.5 mm. This allowed testing of the 8 mm cylindrical specimens in a 
close fit socket, and, with the larger diameter, embedded within two types of artificial 
PDL: Flexane 94 (a polyurethane) or silicone rubber. The cylindrical specimens were 
constructed from moonstone of a 3: 1 ratio with water. The PDL material, either silicone 
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rubber or polyurethane (PU) was poured into the socket, and the cylinders were then 
pushed in and clamped to set. 
Figure 6.7 shows the experimental set up for a similar method which was 
employed for testing conical root specimens. Because of the difficulty in constructing 
conical spaces in an aluminium socket, the socket was cast around the tooth using either 
moonstone or silicone rubber, as opposed to just the silicone rubber PDL used with the 
cylindrical specimens. The socket block was placed within an aluminium bracket to 
prevent deformation when clamped. Three geometries of cone roots were used, the 
half-angle from the axis to the surface measuring approximately 5° for the thin cones, 
10° for the mid-sized cones and 15° for the thick cones. Using the fully flexible socket 
makes comparison of the fracture behaviour with cylinders inappropriate. Moreover, the 
strength of a cylinder in bending is considerably higher than that of a cone. 
Loading bar covers front 3 mm from the tip of tooth 
Direction 
Artificial of 
load 
tooth 
<> 
8mm 
Artificial 
tooth 
Clamp 
Axial View 
Socket 
Lateral View 
Silicone 
rubber or 
moonstone 
block 
Tail 
cavity 
Clamp 
Figure 6.7 Schematic representation of conical root testing experimental equipment 
Figure 6.8 shows the experimental set up for the square section teeth. During the 
tests on the square teeth the construction of an individual socket was not necessary, 
because the artificial jaw had ready made sockets that were capable of holding the teeth 
for testing. Three moonstone water ratios were used: 2: 1,3: 1, and 4: 1. A minimum of 
five teeth of each mixture ratio were loaded to failure and the load was recorded. 
12mm 
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Figure 6.8 Schematic representation of square section tooth testing experimental equipment 
6.4.1 Results and Discussion 
The results and many of the issues associated are discussed next with evidence 
provided in the form of photographs. 
Cylinders 
Table 6.2 shows the peak force at fracture for several cylindrical specimens 
embedded in different ways, including notes on fracture types. Many of the Flexane 
embedded specimen results are excluded because the samples could not be removed 
from their socket due to the adhesion of the polymer, thus it was not a suitable material 
for further experiments. 
Specimen Support Load at 
fracture N 
Notes 
Ti No PDL 165 
T2 No PDL 208 
T3 No PDL 198 
T12 No PDL 193 Horizontal fracture at margin of socket 
T13 No PDL 72.5 Crumbled fracture surface may be due to old tooth 
T19 No PDL 150 Big lip on compression surface 
T20 No PDL 97.8 
T21 No PDL 103 
T4 Flexane 94 
(PU) 0.5mm 
135 Root crumbled on removal of the socket 
T15 Silicone 104 
T16 Silicone 88.5 
T17 Silicone 103 
T18 Silicone 159 
T22 Silicone 144 
No PDL Avg excluding T13 = 159.1N PDL Silicone Avg = 119.6N 
Table 6.2 Cylindrical specimen notes on failure 
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The silicone rubber PDL allowed a much easier removal of the root portion of the 
specimens without damage, which allowed the fracture and root condition to be 
evaluated and photographs of failure to be taken. It is clear that the variation in fracture 
loads is too great to be able to use the average values as concrete evidence of 
differences between PDL and no PDL samples. 
Figure 6.9 shows an oblique fracture in a cylinder which had a silicone rubber 
PDL. The highest edge is located at the top of the picture, approximately 1 mm below 
the edge of the socket, and the lower edge of the fracture is in shadow, approximately 
2.5 mm below the edge of the socket. Fractures were found over a range of obliqueness, 
with the maximum depth reaching 3.5 mm below the margin of the socket. However the 
degree of obliqueness was relatively consistent, on average approximately 11° from a 
plane perpendicular to the axis. 
Horizontal fractures perpendicular to the cylinder axis were also observed in some 
samples without an artificial PDL. Figure 6.10 shows an example of one such fracture 
with an inclusion: the orange dot (true colour) on the root section is a clump of 
moonstone that had not dissolved properly during tooth casting. Other stress raisers 
noticed in the samples include the bubble photographed in figure 6.11. During casting 
of the teeth much of the gas is removed by agitating the liquid and vibrating the mould, 
although it appears that this method is not foolproof. Casting in a vacuum is an 
alternative method of production, and clean rooms are available, but these type of 
problems are not common enough to warrant it. The data from these specimens can be 
excluded from any statistical calculations in such cases. Perhaps a more appropriate 
material could be found to avoid elaborate preparation. 
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There was evidence of compression curling in both silicone PI)L specimens and 
no PDL embedded specimens. The lip caused by compression curling in T19 is seen in 
figure 6.12. 
It is highly probable that most of the fractures initiated on the upper surface, in the 
region of the maximum principal tensile stress, which is directed perpendicular to the 
plane of the crack path. The precise location of this initiation point is prohahly decided 
by surface flaws rather than by a specific stress distrihution achieved as a result of 
movement allowed or prevented by the emhedding. However, it may have been possihle 
for some small zone of tension to have existed around the contact point with the pivot. 
In such a case, the fracture could have initiated on the bottom surface and travelled 
directly upwards, vertically, to the upper surface resulting in a straight fracture path. 
With the specimens that exhibit compression lips (a common occurrence in mixed 
mode brittle fracture) it is clear that the speed of crack propagation was fast enough to 
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Figure 6.9 Oblique fracture of embedded Figure 6.10 IlurvuntztI traclurr ut rluýr 111 
Figure 6.12 I. xaiuplc uI an r. xa«rralrd lip on lie 
compression surface 
Figure 6.11 Example of an exclusion (bubble) 
in fracture of a cylinder 
reach the compression zone on the opposite surface before the stresses could be fully 
redistributed. The resulting deflection of the crack away from the compressive zone into 
a region of tension causes the crack to travel almost parallel to the surface of the 
sample, resulting in the compression lip. 
Cones 
One of the principal reasons for testing the conical samples was to test the 
hypothesis that the fracture path may be related to the root geometry (e. g slightly 
oblique for a small midline angle or increasingly oblique for a larger midline angle). 
However, although fracture through the conical specimens occurred much further below 
the margin (edge of the socket) than those which occurred in cylinders embedded in 
polymers, there was no evidence of the fracture plane being related to the root geometry 
of the specimen. 
Table 6.3 shows the peak force at fracture for conical specimens in two different 
sockets, and includes notes on the fracture types. As expected the larger the midline 
angle, the higher the peak force at fracture. Although there are only a few samples, and 
statistically the data cannot be considered conclusive, it does appear that those 
specimens embedded in moonstone were fracturing at higher loads. They were, 
however, failing differently, shown by the multiple fragments left after failure. In these 
cases there were secondary peaks in the load displacement data as seen in figure 6.13 
for specimen 2. The first peaks were taken as the data for table 6.3. 
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Specimen no. Support Peak force at Notes 
and shape fracture N 
1 mid Moonstone 86.3* Two peaks, multiple fractures, and sample in several 
pieces 
2 mid Moonstone 41.2* Two peaks, multiple fractures, and sample in several 
pieces 
3 thin Silicone 15.3 Single fracture with small lip on compression surface 
rubber 
4 thick Silicone 32.1 Single fracture with small lip on compression surface 
rubber 
5 mid Silicone 28.5 Single fracture with small lip on compression surface 
rubber 
*first peak 
value 
Table 6.3 Conical specimen notes on failure 
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Figure 6.13 Example of Force displacement data for cone specimen 2 mid 
It was noted that the average load at fracture was less for those specimens that 
were embedded in an artificial polymer PDL than it was for those that were tight fits, 
and the types of fractures for the soft socket were consistently the same. It is possible 
the movement of the tooth caused the area of principal tensile stress to move towards 
the thinner end of the cone (i. e. the same load over a smaller area, thus a higher stress) 
and thus required a lower load to fracture. 
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oz345e 
Deflection mm x 10 
Figure 6.14 shows the fracture of a thin cone approximately 9 mm deep from the 
margin as a result of the location of the stresses generated by large movement of the 
cone in the compliant socket. The fracture is only slightly oblique. and there is also a 
small compression lip on the sample. The compression lips which were present for all 
conical samples in flexible sockets were less pronounced than that seen on the cylinder 
in figure 6.12. but clearly a result of compression curling. 
Figure 6.14 Example cat conical tracturc Nattern 
In contrast to the soft sockets, the rigid socket embedded cones often produced no 
consistent patterns in their fractures, with multiple fractures in some cases and 
compression lips in other cases. Noticeably, none of them fractured in a straight vertical 
plane at the pivot as seen with the no PDL cylinders. Although it is difficult to 
determine what is really happening because of the different forms of fracture, it is clear 
from both cylinder and conical experiment that sub marginal fracture requires a flexible 
socket 
Square Section 
Table 6.4 shows the loads and displacement at failure for 3 different moonstone 
ratio square section specimens. These values can be used to determine the elastic 
modulus, E. of the samples according to Euler's equation (Hearn 1997) which defines 
the displacement of a point on a cantilever beam where the load and displacement arc 
measured and applied at the same point. 
E= 
ýI 
where I= 
ýi 
((,. I) 
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F is the load at failure, L is the length of the specimen from pivot to tip (where the 
load is applied and the displacement measured), 6 is the lateral displacement of the tip, 
and I is the moment of inertia for a beam with dimensions w, width and t, thickness. The 
maximum and minimum outlying results were excluded from the average calculations. 
The average moduli of the three ratios is as expected with the highest ratio (4: 1) 
exhibiting the stiffest behaviour (avg = 285 MPa), the medium ratio (3: 1) with a 
moderate stiffness (avg = 259 MPa) relative to the other samples, and the lowest ratio 
(2: 1) exhibiting the most flexible behaviour (avg = 225 MPa). 
Moonstone 
water ratio 
Load at 
fracture, F (N) 
Displacement, 8 (m) Calculated 
modulus, E 
(MPa) 
Maximum 
stress, a 
(MPa) 
4: 1 60 0.5x10 278 25 
4: 1 54 0.4x10 313 22.5 
4: 1 63 0.5x10 292 26.3 
4: 1 45 0.4x10 260 18.8 
3: 1 43 0.35x10 284 17.9 
3: 1 56 0.5x10 259 23.3 
3: 1 40 0.4x10 232 16.7 
2: 1 36 0.4x10 208 15 
2: 1 36 0.35x10 238 15 
2: 1 34 0.35x10 225 14.2 
Table 6.4 Square specimen data 
During the tests, all of the samples fractured exactly at the margin of the socket, 
and showed no signs of sub-margin fractures, no sign of oblique fracture, or lips caused 
by compression curling. It is difficult to say whether this consistently straight fracture 
path is a result of the geometry or the embedding. Clearly though, it is not possible to 
get sub-marginal fractures from this set-up, and it is probably a combination of the 
geometry (thin, weaker shape) and the PU socket (more rigid than silicone) that restricts 
the fracture to this plane. 
Overall, the three specimen geometries and the different embedding mechanisms 
have shown that some of the common fracture paths found in real teeth can be 
reproduced in artificial moonstone teeth. Thus, the teeth in the artificial jaw are 
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considered adequate for the purpose of comparing and assessing mouthguards in situ, 
under impact conditions. 
6.5 Validation of Square Cantilevers as Teeth 
To look a little further into the problem of how teeth can be modelled, some 
simple FE and photoelastic experiments were carried out. The FE code used is ANSYS 
and is described in more detail in chapter 5 and 8. 
From the various artificial tooth tests (cylinders, square sections, and cones) it was 
clear that there were a number of different fractures that occur, which depend on the 
sample embedment and sample geometry. Since the fracture plane is likely to be 
perpendicular to the maximum principal tension, the oblique fractures suggest that the 
principal stresses do not align with specimen geometry (i. e. principal tension is not 
parallel to specimen axis) for some conditions. Two methods for checking the stress 
distribution in a close approximation to the tooth socket problem are shown next using 
the photoelastic technique and the FE technique. 
The photoelastic method is a relatively well known technique (Kuske & 
Robertson 1974) that uses plane polarised light to determine the amount of stress in a 
material assuming plane stress. Normal light is polarised when it passes through a 
polariser in front of the photoelastic specimen. When the light travels through the 
photoelastic specimen it is split into two components polarised at right angles to one 
another. Stress in the material causes retardation between the two components of light. 
When the light emerges from the specimen it then passes through a second polariser, 
and the retardation of the two components of light (proportional to the magnitude of 
stress) can be seen in the form of fringes. 
The principal stress difference or maximum shear stress can then be calculated 
using the material stress optic coefficient, the sample thickness and the fringe pattern. 
However, such quantitative analysis is not necessary in this case because the 
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photoelastic models are only serving to validate the FE models qualitatively, which 
themselves provide more detailed, broad ranging data on stress and strain. Nevertheless 
the FE models were not interrogated for such data because the material properties are 
those of polymethylmethacrylate (PMMA). The models are principally used to gauge 
the effect of different forms of embedment or PDL. By doing this it was also possible to 
gain an appreciation of the importance of the root portion in the problem, and if the 
absence of such geometry and materials (to simplify the problem) would significantly 
alter the behaviour. 
The FE models possess the same geometry as the comparahle photoelastic models 
which assume plane stress. The use of PLANE42 elements in these ANSYS models 
allows for the plane stress assumption to be modelled. Both the photoelastic experiment 
and FE models are loaded with a 10 N point load, and constraints are imposed can the 
upper and lower surfaces of the specimen as seen for photoclastic specimen in figure 
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Figure 6.15 I'hulurlastic test , cl up 
To match the photoelastic fringes with FE results the stress intensity plots were 
chosen in ANSYS which gives the difference of the two in-plane principle stresses. 
Four different specimen arrangements were investigated: 
" Monolithic. One piece tooth and socket. 
" Not bonded. Two piece model with rigid tooth not bonded to rigid socket. 
" Bonded by glue. Two piece model with rigid tooth bonded to rigid socket. 
" Flexible. Two piece model with flexible tooth not bonded to rigid socket. 
Figure 6.16 shows the corresponding photoelastic and FE model for the 
monolithic test piece. The similarities between the two models are clearly visible. Both 
specimens exhibit high stress on the upper surface of the cantilever (tension) and on the 
lower surface (compression), as expected in this form of hending. The regions of 
highest compressive and tensile stress in the beam are marked by MXC and MX1' 
respectively in figure 6.16a. In the photoelastic specimen shown in figure 6.16h the 
fringes become so close together at MXT and MXC that they appear blurred, but it is 
safe to say that the highest stress can be found in the same regions as seen in figure 
6.16a. Other areas of stress, such as those at point Z can he generally disregarded 
because they are of little interest when the form and boundary conditions are so 
different to the real situation. Nevertheless, they are also visible in figure 6.16a. 
a h 
Ins-s 
sui "u, 
rnr ý 
,.., ý ... . ... ..... ... ... ...... ý, ý,,, ,,.. W, . ,.. .. 
%. 
Figure 6.16 (a) Stress intensity in monolithic cantilever model, and (h) principal stress diit(rrrnce in 
monolithic cantilever beam model 
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Figure 6.17 shows the next step in the modelling process, with the tooth 
represented as a separate entity not bonded to the socket. To do this the interaction 
between the two components (beam and socket) must be modelled. There are several 
types of contact elements and conditions available in ANSYS to do this. For this plane 
stress model, the contact elements TARG 169, CONT172 and non-bonded contact were 
chosen. (for further details refer to the ANSYS operating manual). 
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Figure 6.17 (a) Stress intensity for a not bonded two piece cantilever beam model. and (b) 
Principal stress difference in a not bonded two piece cantilever beam model 
In figure 6.17a the stress intensity fringes are shown, and the corresponding 
photoelastic model is shown in figure 6.17b. Both exhibit similar stress fringes in the 
beam, but there are slightly different stress distributions in the socket section, 
highlighted at point A in figure 6.17b. Although the socket part is of relatively little 
importance because of its idealised form, any differences in the models would suggest 
some of the conditions are incorrect and the results are untrustworthy. A likely 
explanation for the differences seen could be the constraints of the photoelastic model. 
Although great care was taken when machining the specimen, and constructing the 
clamping rig, it appears that the upper and lower surfaces of the socket part are not fully 
constrained e. g. there is some movement. Thus the beam is acting as a lever which 
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causes a region of compression to form at point A, which does not appear in the FE 
model because of the perfectly constrained surfaces. 
In the beam the regions of tension and compression on the upper and lower 
surfaces are present as they were for the monolithic test specimens. However, they are 
effective over a larger area, into the root portion. The surface in tension shows 
significant stresses along a larger proportion of its surface compared with the surface in 
compression. The socket margin, acting as a pivot, appears to limit the depth (distance 
into the socket) to which the stresses are significant. 
An alternative embedding method was also modelled using the ANSYS contact 
elements, which used the `always bonded' condition from the contact manager with the 
same contact elements. Figure 6.18a shows the FE results for bonded behaviour and 
figure 6.18b shows bonded behaviour with the beam super-glued into the socket. 
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Figure 6.18 (a) Stress intensity for bonded (super glue) two piece cantilever beam model, and 
(b) Principal stress difference in bonded (super glue) two piece cantilever beam model 
In figure 6.18a the sharp 90 ° corners in the socket section cause high stresses in 
the surrounding region. Because the stress fringes are scaled according to the maximum 
in the corners the stresses in the tooth section appear to he minimal. In fact they are of 
the same order of magnitude as seen in figure 6.16a. Hence, the stresses in the tooth 
sections of figure 6.18a and 6.18b can be considered similar with regions of tension on 
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the upper surface and compression on the lower surface. On both surfaces the stresses 
are insignificant below the margin of the socket. It is proposed that both models are 
behaving very closely to the ideal monolithic specimen seen earlier because of the 
bonded behaviour. 
When compared to the not bonded models in figure 6.17 the different stress 
distributions are apparent, which serves to highlight the critical importance of the 
embedding method in determining the stress distribution in the beam and thus in real 
teeth 
In case the idealised form of the socket was influencing the stress distribution in 
the tooth another situation was investigated using the photoelastic method. Figure 6.19 
shows the photoelastic model of a flexible not bonded cantilever in a socket, which 
prevents the beam from acting as a lever causing stress in the socket. Although the 
relationship of beam and socket stiffness in this example is highly unrealistic the 
objective was to check the behaviour of the beam without the overriding influence of 
the socket. 
Figure 6.19 Principal stress difference in two piece, non-bonded flexible cantilever beam model 
The stress developing in the socket section was clearly minimised by using a more 
flexible cantilever. Importantly, under these conditions the stress distribution in the 
beam was the same as seen in the rigid not bonded version shown in figure 6.17b. Thus 
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the assumption that the beam behaviour was correct, even though stresses were seen in 
the socket has been justified. 
Some additional insights into the nature of the stresses in the beam can be gained 
from a plot of the XY shear. Figure 6.20a shows the XY shear of the not bonded 
cantilever and figure 6.20b shows the XY shear in the bonded cantilever. 
a 
b 
Figure 6.20 (a) XY shear (Pa)of a non-bonded cantilever, and (b) XY shear (Pa) of a bonded 
cantilever. 
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In both cases the maximum and minimum regions are seen at corners, highly 
irregular surface. However if these are ignored and considered an artefact of the 
geometry there are interesting fringes visible, particularly in the not bonded cantilever 
of figure 6.20a. There are two clear diagonal regions of shear visible in the tooth section 
in figure 6.20a, which correspond to positions of common oblique fracture seen in real 
teeth by Andreasen (1994) as discussed in chapter 3. Similar non-uniform stress 
distributions can be expected in other forms of asymmetric 3 point bend, which broadly 
indicate why fractures should be oblique. 
If it is assumed that failure of teeth by shear occurs, then it is probable that these 
fractures will be seen where tooth mobility or movement in the socket is possible. This 
would probably occur under longer loading durations, where strain rate effects that 
increase the apparent stiffness of the PDL would be lessened. Alternatively, when the 
tooth movement in the socket is limited (for instance by strain rate hardened PDL), 
shear would be less of a factor, and the fracture would not be expected to follow such an 
oblique course. 
It is not know exactly how teeth behave and what influence their microstructure, 
embedment and characteristics such as shear strength may have on the type of failure. 
Nevertheless the modelling and experimentation contained in this chapter has shown 
that simple cantilevers can behave in similar ways to real teeth depending on the 
conditions, with final fracture initiation probably a result of surface flaws in both the 
artificial teeth and real teeth. 
6.6 Summary and Conclusions 
By investigating the tooth socket problem in this manner a number of things have 
been shown, which also direct and validate FE work in the following chapters 
" The FE code ANSYS has been qualitatively validated by showing that it gives a 
form of stress patterns that are similar to the equivalent photoelastic models. 
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" Regions in real teeth where oblique fracture occur match the regions of high 
shear in these FE models. Hence, the most likely cause of oblique fractures can 
be linked to the multi-axial nature of the stress field. 
" The method of embedment influences stress distribution in the beam. 
" Teeth can be approximated by a cantilever in a socket. When the cantilever and 
socket are bonded the behaviour is very similar to that of an en castre beam. 
The fidelity of the idealised tooth socket problem is dependent on several things, 
many of which are particularly difficult to account for, such as complex material 
properties, surface and sub-surface discontinuities, variable failure properties, and 
asymmetric loading conditions which vary according to the deformation and fracture. 
Thus, although the fracture paths seen in real teeth can be achieved under the 
appropriate conditions with idealised ceramic teeth, the mechanisms by which these are 
achieved cannot be conclusively proven. An analysis of the stresses using FEM and 
photoelasticity does provide some clearer indication. 
The work so far in this chapter shows that for an idealised tooth socket 
configuration the stresses are influenced in the same manner as they are for an en castre 
beam, and can be found in similar regions (the margin of the socket, or where the en 
castre beam is fixed). Therefore the complexities of the socket and embedment can be 
disregarded, and modelling the problem can be achieved with a standard en castre 
beam. In this situation the relationship between displacement and stresses of the beam 
are clearly understood. 
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7 Mouthguard Evaluation: Drop Tests and User Study 
7.1 Introduction 
A key issue that can be easily linked to the reproducibility of results was the wear 
that occurred on the artificial jaw, specifically the polyurethane (PU) arch. Greasley's 
jaw was difficult to make, and so wear could not be easily eliminated by replacing the 
jaw frequently. Thus a new a method for constructing the PU arch was designed and 
implemented. Greasley's original PU arch was cast in three parts, from hand constructed 
moulds which could not be reused. Any new jaw made by this method would exhibit 
slightly different geometry which undoubtedly affects the results. 
The new jaw was cast using a mould constructed from aluminium, cut using an 
EDM (electrical discharge machine). This precise mould was created from multiple 
parts, and allows construction of the PU arch in one piece. It also allows easy mass 
production for a future standard test. Figure 7.1 shows the three parts of the mould, 
which fit together one on top of the other with the base cavity in the middle. A cavity 
was cut into an aluminium block according to the specifications in figure 6.1 which 
provided the mould for the main body of the PU arch. The off-cut from the cavity was 
then used to construct flat plates with jaw shaped pieces that would fit flush into the 
main cavity. One plate had a jaw bone protrusion attached (top of figure 7.1), and the 
other had teeth protrusions (bottom of figure 7.1). The plates fit onto their respective 
sides of the main cavity, and rest at predefined points so the depth of the cavities are 
controlled. 
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Figure 7.1 EDM cut aluminium pieces used to cast the PU arch 
During the casting the pieces are sprayed with a silicone based mould release 
agent. One plate is then fixed to the main cavity, the PU is mixed, poured into the cavity 
and then the other plate is placed on top. The fit is good enough to prevent any serious 
leakage of the polymer. After 24 hrs the plates are removed carefully and the mould is 
split to remove the PU jaw arch. This method allows new casts of the jaw arch to be 
produced when necessary, and particularly if signs of wear appear to be affecting the 
artificial jaw response. 
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Once the jaw had been fabricated, the occlusin jaw bone was built up as described 
previously, and enough moonstone teeth were cast to conduct several rounds of 
experiments. 
A group of mouthguards were constructed for the artificial jaw by Sheffield 
Orthodontics Laboratory (LYNX mouthguards) using the standard heat-vacuum method 
discussed in chapter 4. There were five different designs tested on the artificial jaw as 
listed below, covering a range of material and design options of interest. These 
mouthguards corresponded to mouthguards used in the user study in section 7.3. 
However, there were extra guards produced for the user study which are also listed here 
and marked with a `U'. The mouthguards were all custom made to fit the artificial jaw 
and each user by the dental laboratory and an independent dentist. 
M1 4 mm thick, 2x2 mm layers of EVA. Peripheral flanges with space for muscle 
attachments. 
M2 As 1 but 6 mm thick, 2x3 mm layers of EVA. 
M3 As 1 but with harder outer layer (polycarbonate) and flexible inner layer (EVA). 
M4 AsI but with no muscle attachment space in the periphery. 
M5 As 1 but 1x2 mm layer EVA. 
M6 U- Custom 2 layer laminate of EVA (4 mm thick) with 1 mm space in between 
the interior surface of the flange and the anterior central incisors. 
M7 U- Custom 2 layer laminate of EVA (4 mm thick) with extended periphery 
(larger flanges). 
M8 U- Commercial mouth formed EVA guard. 
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Each of the first five guards were tested on the modified artificial jaw using the 
drop tests described in chapter 6. Each guard was put through ten drop tests. The 
number of teeth broken and damage to the jaw bone were recorded. 
7.2 Drop tests results 
The results from 43 drop tests are shown in table 7.1. The average number of 
broken teeth from 10 impacts is included, with the exception of the rigid-soft bi-layer 
(M3). 
Guard Type Mass g Average number of broken teeth (n, o) 
M12x2mm 14.5 4.4 
M22x3mm 17.4 3.7 
M3 Rigid soft bi-layer 14.6 N/A 
M4 No muscle attachment space 15.6 2.6 
M5 1x 2mm 8.03 4.6 
Table 7.1 Average number of broken teeth over ten drop tests for five different mouthguards 
There were two problems noted with the rigid - soft bi-layer (M3) guard during 
testing that prevented reliable data being obtained. The first was the difficulty in placing 
the mouthguard on the teeth. In two cases, a tooth broke when the guard was being put 
onto the dentate jaw. Each time it was the smallest anterior square tooth (lateral incisor). 
The second problem occurred after the guard was successfully placed on the jaw 
without noticeable damage to the teeth. After a drop test a fracture appeared directly 
under the site of impact on the front of the guard. The fracture can be seen in figure 7.2, 
where it runs through the outer polycarbonate layer, for about 10 mm from the probable 
initiation point in the fraenum space. Further discussion of these results and the bearing 
they have on the construction of such guards is given in the summary at the end of the 
chapter. 
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Figure 7.2 Crack in polycarbonate surface layer of bi-layer mouthguard (M3) 
The guard which performed the best in these tests, M4, had no space for the 
muscle attachment of the labial and buccal fraenum. It is possible that the extra material 
was increasing the effectiveness of the support mechanism identified in chapter 5, but it 
is difficult to say with certainty. The next best performing guard was M2, the thickest 
6 mm guard. According to the literature reviewed in chapter 4, and from what will 
become clear in the following chapters, thicker guards offer more protection. This may 
seem intuitive, however the influence of guard thickness on the protective mechanisms 
(cushioning and support) will be shown in chapters 8-10. Unsurprisingly, the worst 
guard tested was the thinnest. 
7.3 User Study 
The aim of the user study was to assess the group of rnouthguards in terms of 
comfort and wearability. These important factors significantly alter the acceptance of 
participants wearing the devices. They have also been shown in chapter 4 to he a 
primary concern of the industry at the moment. 
As mentioned already, 5 of the 8 different guards tested in this section correspond 
to the 5 guards tested in section 7.2, which allows a comparison of the protective 
capabilities, and the users' opinions on comfort. The list of 8 guards is repeated in table 
7.2. 
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Mouthguard Design 
MI 4 mm thick, 2x2 mm layers of EVA. Peripheral flanges with space for 
muscle attachments 
M2 As M1 but 6 mm thick, 2x3 mm layers of EVA 
M3 As M1 but with harder outer layer (polycarbonate) and flexible inner 
layer (EVA) 
M4 As M1 but with no muscle attachment space in the periphery 
M5 As M1 but 1x2 mm layer EVA 
M6 Custom 2 layer laminate of EVA (4 mm thick) with 1 mm space in 
between the interior surface of the flange and the anterior central 
incisors 
M7 Custom 2 layer laminate of EVA (4 mm thick) with extended 
periphery (larger flanges) 
M8 Commercial mouth formed EVA guard 
Table 7.2 Mouthguards for user study 
A set of participants were selected, based on their availability, to take part in a 
user study. The study was used to evaluate the comfort of mouthguards based on several 
sets of questions conducted at intervals over several weeks. The following methodology 
outlines how this was achieved. Then, following the discussion of the results, the data is 
compared to the results from the drop tests on the artificial jaw, and finally the 
mouthguards are evaluated based on the relationship between their in situ performance 
under impact and from a comfort perspective during use. 
7.3.1 Methods 
Six participants were asked to fill in the questionnaire shown in appendix 5c. It 
asked about their experience with mouthguard use and also required some basic 
physiological data. They were then fitted for the custom made maxillary mouthguards 
by a professional dentist, according to the standard procedure outlined in chapter 4. 
Ideally the sample population would have been much larger and would have been a 
cross section of mouthguard users and non-users. However the cost of producing so 
many guards was high and funds were limited. 
A professional dentist took the impressions of each participant's dentition, which 
were then stored in a damp cool-box to preserve their integrity when transported by 
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courier to the dental laboratory. The same laboratory that made the guards for the 
artificial jaw made the guards for the user study by the same methods. However, they 
first constructed a stone model of the dental impressions, as opposed to making guards 
directly on the artificial jaw. 
The participants were split into two groups. Group I was used to investigate the 
effect of time (familiarisation) on mouthguard comfort, which was identified in chapter 
4 as an important principle to consider with regards to user comfort. Group H was used 
to look at the effects of different design criteria. Using all participants to look at the 
effects of familiarisation and design together was considered inappropriate because the 
use of several guards (each with different designs) in any order would influence the 
users' opinion on comfort, i. e. the user would become more familiar with mouthguards 
as each different guard was tested. Furthermore it would be difficult to distinguish what 
was causing variation in reported comfort. It could be the design or the user becoming 
accustomed to mouthguards. 
The 3 participants in group I had one guard each (M1, M3, and, M7), and the 3 
participants in group II had 8 each, one of each type as listed earlier. It should be noted 
that the 8th guard for group II was not constructed at the dental laboratory, but was a £5 
mouth-formed guard purchased from a sports shop. 
After guard production was complete, and prior to testing, the participants 
returned for fitting. Each user was asked to evaluate the comfort of their guards by 
filling in the form shown in appendix Sb. They could then discuss any discomfort with 
the dentist who eased the guards in the appropriate areas. Easing is the process of 
smoothing the areas of the mouthguard that cause discomfort, by removing small 
amounts of material using an abrasive tool. Evidence of discomfort was often apparent 
from blanching of the tissue (white pressure spots on the gum where poor fitting guards 
cause excessive rubbing). 
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There was significant work done to alter most of the guards. The reduction in 
mass of the guards after easing varied from 0 to -7.1 % of their original mass. The guard 
that required the most easing was type M3 (bi-layer, rigid outer) of participant B, which 
had to be eased in several areas. All users reported some difficulty when wearing and 
removing this guard. 
It is important to understand how the wearability of the bi-layer guard was 
affected by the rigid outer layer. Figure 7.3 shows a schematic representation of a 
section through the maxillary anterior incisor. Two different geometries of the gingiva 
are represented. 7.3a has a deeper curve (labial surface of gingiva) which means the 
overhang (transverse distance between gingival surface and labial sulcus) is relatively 
large compared with 7.3b. The profile of the guard should match the gingival profile 
closely, but more often than not some easing is needed to form a comfortable match. If a 
large overhang is present as in 7.3a the labial flange of the bi-layer mouthguard will flex 
inwards because of its stiffness causing more pressure and sometimes pain on the 
gingiva. For those participants with large overhangs, it make it difficult to use such a 
mouthguard, and in participant B's case they were unable to even try the guard initially. 
Consequently, bi-layer guards of this type need to be fitted more carefully. 
Labial Jaw bone 
flange of 
mouthguard 
Labial sulcus 
Problem part 
requiring easing 
Labial surface 
of gingiva 
Tooth 
a) Large overhang b) Small overhang 
Figure 7.3 Cross section of maxillary central incisor with mouthguard in situ and 
overhang highlighted (a) large overhang (b) smaller overhang 
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When a guard is fitted, blanching of the gingiva often appears in the region where 
the guard is in contact with the labial surface, which signifies there is too much pressure 
being exerted in this area. To reduce this, the surface of the guard in contact with the 
gingiva is smoothed away. However, this can alter the fit and protective capabilities if 
too much material is removed. Furthermore, the easing of the softer EVA inner layer of 
the bi-layer increased the influence of the rigid layer, and may have even contributed to 
the users pain because the rigid edges were in contact with the gingiva. 
Tight fitting guards are preferred because, generally, they are more comfortable 
and they are less at risk of removal during impact, but it is clear from these experiments 
that there is a comfortable limit to this tightness which depends on the user. 
Other guards that required significant easing (3 -4% drop in mass) were type M4, 
the guards with no spaces for gingiva muscle attachments. In these cases the labial 
flange of the guard had to be cut to allow a space for the fraenum, as seen in figure 7.4. 
On the left of the figure a full mouthguard with space for labial fraenum is seen and 
highlighted. On the right of the figure the dotted line represents the form of guard once 
the trimming and easing had been carried out, and the solid line shows the approximate 
geometry of the labial flange before easing. 
-_ ý, _ -- 
Figure 7.4 Area cut to leave room for labial fraenum 
The practice of easing mouthguards varies from dental surgery to dental surgery. 
Too much easing will decrease the fit and accuracy of the mouthguard. Although the 
patient may be feeling mild discomfort because they are unfamiliar with the guard, it is 
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important for the dentist to identify this and not take too much off the guard. It is 
difficult for a new user to understand how uncomfortable a mouthguard should feel 
initially, and it is likely that in many cases, and in my personal experience, the fitting 
and easing process is not carried out effectively. The pre- and post-easing scores for 
mouthguard comfort are discussed in the results section next. 
After fitting was complete the participants were given their guards. Group I were 
given one custom fitted guard each which they were required to wear twice a week for 
%2 hour each time. This was at rest, but ideally it should have been under exercise 
conditions. However time constraints made this difficult to manage. Every week for 6 
weeks the participants of group I were then watched while they performed the following 
tasks: 
. Warm-up: 
o1 min jogging, 10 single arm swings each side, 10 double arm swings 
forward and backward. 
o Stretching approximately 30 s on each muscle group: Calves, hamstrings, 
quadriceps, hips, abdominals, back, triceps, biceps, pectorals, neck 
"2 minutes rest and then read 10 randomly selected phrases' from appendix 5c 
"4x 10 m sprints 
4x 10 m sprints with high knees 
0 10 press ups 
" 10 sit ups 
" 10 star jumps 
1 These were a combination of calls from a local ruby team and from a previous study by Morrow et al. 
(1984) on mouthguards effects on speech. 
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" Measure heart rate and breathing rate 
" Read 10 randomly selected phrases from the list in appendix 5c 
9 Fill in the questionnaire 
The participants of group H were tested in exactly the same manner, except they 
had a different set of mouthguards to wear which did not require mid-week use to try 
and minimise familiarisation. Each participant had 8 mouthguards with different design 
features, 7 custom made and one mouth-formed as listed previously. The order of 
testing was random to minimise any bias, and carried out in two sessions. Initial testing 
in one session showed there were fatigue effects present which gradually increased the 
heart and breathing rates of the participants even though they had time to recover in 
between. Furthermore, testing all of the guards in one session was likely to cause some 
problems. This is particularly so if one guard caused irritation in a region, and then the 
following guards acted to increase irritation of already affected tissue. 
7.3.2 Results & Discussion 
In this section the results from the semi-quantitative user study are presented. In 
four of the questions used in these experiments the users were required to give a 
response on a scale from 1 to 5. In each case 1 is minimal and 5 is maximal. Therefore, 
it is important to remember that the scales used are not easily labelled better at one end 
and worse at the other. Considering the data from a purely comfort based point of view, 
it is still possible to have maximum retention being uncomfortable, although it is 
generally considered a design feature associated with good comfort. Similar arguments 
can also be suggested for the other questions because of the subjective nature of the 
study, and it is important to be clear that some interpretation is required before opinions 
on better or worse can be derived. 
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Figure 7.5 shows the average values of comfort across both groups for all 
mouthguards, before fitting (pre-fitting) and after fitting after the exercise routine (post 
fitting). There are a number of points that can be made that may not appear obvious on 
first consideration. Quite clearly the participants felt the bulk of the guards was less 
after fitting (which includes the 6 week average of group I). This opinion is not only 
influenced by the familiarisation which occurs, but also because the guards were 
actually reduced in volume by the easing process. 
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Figure 7.5. Pre- and post-fit average comfort results 
Pre fitting 
  
Post fitting 
Retention was predictably higher during the pre-fitting phase, because of the 
unfamiliarity. It is logical to feel that a new device in the mouth is `tight', and easing is 
the process of reducing this if it is causing excessive discomfort. But clearly, if this is 
overdone, the guard may lose its good fit, and have an increased risk of being removed 
during impact. As with the opinions on bulk, the participants' feelings of less retention 
were probably a result of easing and familiarisation. 
The guards were also considered to interfere with speech much more initially than 
they were after the easing process. Although the speech test was not carried out in the 
fitting phase, participants would speak a few words and give their opinion. 
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Familiarisation and easing are clearly complementary in improving users' opinions of 
guard comfort. 
During the fitting phase the exercise routine was not carried out. Thus it is 
acceptable that the participants had a favourable view with respect to the influence of 
the guard on their breathing. During the post fitting (testing) phase they were much 
more aware of the device interfering with their breathing because their breathing rate 
and heart rate were higher. Breathing dynamics, the differences and interactions 
between oral and nasal breathing, have been briefly reviewed in section 4.5.2 based on 
the literature. The research suggested that mouthguards could have a beneficial effect on 
exercise efficiency, and any airflow resistance can be easily compensated for by the 
muscles around the airway. However, the user opinions did not seem to support these 
views, and this was at relatively low work levels, for short durations. Further work is 
clearly required in this area, and linking user opinions with physiological measurement 
should be investigated. 
The results for group II are shown in figure 7.6. The data presented represents the 
average rank given for questions 1-4 in appendix 5b, for each mouthguard. Generally 
all the custom made guards were considered to offer good retention (range =3- 4), and 
relatively low breathing interference (range =1-2.67). However there are two guards 
that significantly differ in certain aspects from this trend. The first is the mouth-formed 
guard, M8 (light blue plot). The average rank for bulk and speech interference of this 
guard was higher than any of the other guards, although not by much. The clear 
difference is apparent in retention, with the mouth-formed guard ranking much lower (1, 
poor retention) than the custom made guards (average for all 7=3.57). 
The second outstanding guard was unsurprisingly the thinnest of the group, M5 
(brown plot). This 2 mm guard shows low speech interference, low breathing 
interference, low bulk, and good retention. 
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Figure 7.6 Comparison of bulk, retention, speech and breathing interference for several different 
design specifications. 0= least (central) 5= most (edges) 
Figure 7.7 shows the data derived from group I. The four plots are the average 
rank of the 3 different mouthguards in the four categories (questions 1-4 in 
appendix 5b) over 6 weeks. In each of the plots there is a significant reduction with 
time, with the possible exception of retention. It shows that over time the participants 
felt the guards interfered less with breathing and speech, and they felt less bulky, but 
their opinions on guard retention were generally unaltered. This is clear evidence of the 
familiarisation process that can occur with use. It is very important for more work in 
this area to highlight these trends. Once more widely known, it may persuade those that 
think mouthguards interfere too much to familiarise themselves with the device first. 
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Figure 7.7 Average opinion on mouthguard comfort of group I 
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7.4 Discussion & Conclusions 
In this section the results of the impact test and user study will be discussed in 
conjunction with one another, and thus the play-off between the beneficial 
characteristics will become apparent. The study design had predicted that the small 
number of participants would prohibit accurate statistical data, and thus the results also 
include information from the open qualitative questions. In general, the comments 
reinforced the statistical trends, and several such comments are included in the 
following discussion. 
The easing process is key in fitting mouthguards correctly. It is important to 
realise that this is a part of the process that could be improved dramatically for many 
dentists. The following discussion highlights the very different situation that may arise 
depending on user experience. 
It was noted that experienced mouthguard users felt no need at all to ease some 
mouthguards, and only minimal easing on others. Participant F (group I) noted there 
was no feeling of gagging for mouthguard M3, and commented "strange, because I 
always have... [had the feeling of gagging] in the past". On the other hand, some 
participants felt the guards required easing when there was no evidence of tissue 
blanching. In particular participant B (group II) found several of the mouthguards 
uncomfortable, and noted feelings of nausea, gagging, irritation, and a dry mouth on 
several occasions. It was noted that the labial fraenum on this patient was exaggerated 
and was the cause of discomfort with guard M4 (no space for muscle attachments) and 
guard M7 (periphery extended). The participant also exhibited a large `overhang' 
(figure 7.3a) which makes it especially difficult to wear stiff guards, and explains why 
they found it so difficult to try guard M3 (bi-layer, rigid-soft) initially. 
The difference of opinion between participants F and B shows that although they 
underwent the same fitting procedure, and their guards were constructed in the same 
154 
way, the resulting initial fit for the same guard was very different. There may have been 
a cumulative effect on participant B with regards to comfort because they had to try 
seven guards. One particular guard may have caused some discomfort, and once the 
area had been irritated, it was easily irritated by the other guards, even though they were 
not such bad fits. However, there was several weeks between fitting and the beginning 
of the trial for the irritation to subside. It is probable that the difference in opinion can 
be primarily attributed to the users experience, their physiology and their psychology 
rather than specific design characteristics. 
All participants wearing guard M4 eventually had a fraenum space cut into the 
labial flange, but there was no incidence of needing spaces for the muscle attachments 
of the gingiva on the buccal aspects (cheek side) of the guard. Considering that the best 
performing guard in the impact tests was type M4, the fact that no one used this guard 
in its initial state (no gaps for muscle attachment) is important. It is unclear how the 
spaces for muscle attachments alter the protective capabilities of the guard and it needs 
further exploration, but they appear to decrease the protective capabilities in these drop 
tests. Nevertheless, guard M4 is unsuitable for use because there is an increased risk of 
soft tissue damage with the extra material likely to impinge the fraenum and other soft 
tissue during use. 
In relation to the mouth-formed guard, most participants (group II) experienced a 
feeling of gagging and some experienced nausea. However, they chose not to trim the 
guards, although it is suggested in the fitting instructions (which they were asked to 
follow). Although manufacturers of mouth-formed guards suggest their guards can be 
adjusted easily to reach levels of comfort similar to custom-made guards, users without 
experience of mouthguards are unsure of how to do this. It should be noted that 
participant F (with the largest amount of mouthguard experience) had recorded that they 
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had carried out this procedure several times, and occasionally with custom made guards 
also. 
There was also an interesting point noted with respect to mouth dryness. The 
majority of users did not experience mouth dryness, with the exception of participant B. 
In many cases it was exactly the opposite that was true, and users noted excessive 
amounts of saliva. This is probably less of a problem than mouth dryness because 
swallowing and spitting resolve it. Nevertheless it was a concern for some of the less 
experienced mouthguard users. There is another explanation that should also be 
considered. The exercise routine is relatively short, although it did raise the heart and 
breathing rates to levels found during sport. A longer exercise routine would have 
introduced the initial stages of dehydration that lead to mouth dryness. 
Although thin, less bulky custom made guards exhibit the best comfort, they 
perform poorly in the impact tests. Similarly the most protective guards seem to be the 
most uncomfortable. The opposing requirements for comfort and protection are clearly 
evident, even though the aspects such as retention cannot be clearly linked to more or 
less comfortable guards. For example, there were instances of participants commenting 
on guard discomfort such as participant C, who was wearing guard 6. During the first 
week after easing the participant noted that the guard was "pushing [my] teeth", but 
after the first week this opinion was no longer recorded. 
The failure of the bi-layer guard during impact testing, and the high levels of 
discomfort felt by some users, suggests this is a poor choice of guard. It has been seen 
to cause some minor abrasion injuries during fitting, and the fracture that occurred in 
the polycarbonate layer could not only increase the chances of soft tissue impingement, 
but taken further, a piece of the guard might break off with the possibility of blocking 
the airway, or being swallowed. However it is possible that alternative rigid materials, 
and possibly even alternative configurations of the laminates, may provide better 
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results. These possibilities will be explored using the finite element method in the 
following chapters, which will also provide a more detailed understanding of the 
protective mechanisms. 
The advantages of an occlusal impression for the mandibular dentition to rest in, 
which aid a strong jaw posture, was discussed in chapter 4. During the user study, 
participant A noted poor occlusal positioning in some of the guards. It is unclear what 
effect a blow to the jaw would have if the jaws were misaligned because the user was 
trying to rest their teeth in the occlusal imprint. In this case participant A showed 
uneven jaw alignment, which the manufacturers were unaware of. For other participants 
with good jaw alignment there were no cases of complaints about misaligned occlusal 
impressions. However it was noted by participant E that guard M3 did not posses the 
occlusal imprint (as a result of the polycarbonate outer surface rigidity), and they 
considered it less comfortable for this reason. If the occlusal impression can be shown 
to influence protection, then there would be a real need for being able to accurately 
measure the occlusal relationship, including TMJ motion, and to be able to incorporate 
this in a good impression on the mouthguards' occlusal surface. To assess the affect of 
this impression, an artificial jaw needs to be constructed that includes a mandible. This 
would also allow the retention of the mouthguard to be realistically assessed, because 
the additional retention given by the presence of the mandibular dentition could be 
included. 
Before serious deliberation on compromises in design are considered, it is prudent 
to take a more detailed look at the protective mechanisms of the guards as seen in the 
remaining chapters. However it appears that comfort may be less of an issue than 
previously stated in the literature because users often just need some time to become 
acquainted with the device. If it is possible to eliminate the familiarisation influences 
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from a user study by conducting it over a long time it may be possible to gauge the real 
effects of design specifications on guard usability. 
In summary, the variation in users experience, physiology and psychology affects 
their views of mouthguards. Therefore the design and manufacturing process which 
influences the comfort of the guard cannot fully control the users' acceptance of a 
mouthguard. 
In all cases the users became more acceptant and familiar with the guards over 
time, even for the difficult guards. For example, Participant F felt irritation over the first 
few weeks with the bi-layer guard, but after that the mouthguard was comfortable, and 
they went on to use it during participation in rugby. A comment from participant D 
highlights something that runs throughout all of this discussion. The comment which 
was recorded on two of the first three occasions states "doesn't feel comfortable, but it's 
bearable". Thus the aim of work on guard comfort should be to get users to this stage, 
so they are comfortable enough to use guards without hesitation, and thus not prevent 
participants from using such a successful means of protection. 
The obvious trend of increased comfort, leading to acceptance, suggests that 
increasing user comfort, and thus increasing user acceptance and usage rates, should be 
less of a problem than suggested in the literature. It would require users to be made 
aware of this, and a significant improvement in the easing a fitting procedure that 
should occur when a custom made mouthguard is purchased. 
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8 Preliminary FE models 
8.1 Introduction 
In chapter 5 three strands of the investigative work in this thesis were introduced: 
experimental work, user trials, and simulation. Chapter 7 has already revealed how the 
user trials and experimental work can be placed together. In this the two following 
chapters the simulation work consisting of FE models of protective layers and substrates 
will be introduced. 
As already seen, there are various types of mouthguards and they are effective in 
protecting the dentition according to the statistics. However there is relatively little 
broad ranging quantitative data on how they function, and no rigorous means of 
assessing and comparing their capabilities. It is easy to see from the wide variety of 
descriptions of a mouthguard's function that support and cushioning require different 
material characteristics, which together with the problems of manufacturing and fit, 
complicates the design of improved, successful mouthguards. 
A wide variety of data is available from FE model interrogation. To derive 
effective design and testing criteria, quantitative aspects of the material behaviour need 
to be considered in relation to well defined impact parameters such as peak force, 
contact area and contact duration, and this in turn must all be considered in context of 
the clinical and biological aspects. 
Having investigated several variations of embedding cantilevers using simulations 
and practical experiments, a decision had to be made on how to model the tooth and 
socket in a larger model that incorporated a mouthguard. It was clear from the work in 
chapter 6 and from the discussion in chapter 2, that the nature of tooth embedment is 
one of the most complex problems facing researchers in the field today. Chapter 6 
showed why the teeth can be modelled effectively as en castre beams (cantilever fixed 
at one end), rather than embedded beams, without significantly altering the trends seen 
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in clinical studies (the next section introduces this model). Because the real behaviour 
of the PDL is unknown', including an approximation of it in a model with mouthguards 
would only increase the uncertainty in the model. Thus the decision not to include an 
embedded root portion was taken on the grounds that including it might decrease the 
validity of the model. This along with the other FE modelling considerations 
highlighted in chapter 5.2.3 are addressed in the model development. 
Excluding the root and socket portion of the system for simplicity means that the 
injuries to these areas must be considered indirectly using data from the crown portion. 
By the end of this chapter the most appropriate use of FE data that allows quantitative 
material behaviour to be considered in relation to specific injuries is determined. 
As a tool for ease of analysis, the various models used throughout the remainder 
of the thesis are described in terms of a two character key which identifies their main 
features. The first alphabetic character is the model identifier and also differentiates 
between the loading conditions. The loading device, for now, is a small-hard 1 cm 
sphere, but in chapter 9 and 10 a big-soft, 2.5 cm sphere impact is also used. In each 
case the sphere has a velocity of 20 in s"1. Identifiers referring to the models impacted 
with a small sphere will be lower case and those referring to models impacted with a 
large sphere will be upper case. For each distinct model the alphabetic character will be 
unique. The second numerical digit between 1 and 3 indicates the number of layers 
present. For example, the first model with small-hard impact conditions and a single 
lamina guard layer (monolayer) is al. Further details of the models are given in 
geometrical descriptions at the beginning of the relevant sections and in the discussion 
of the results. 
Although behaviour at impact strain rates is unknown, the viscoelastic behaviour of the fluid component 
can be considered non-newtonian. Based on the results in the literature the PDL appears to get `harder' 
with strain rate, which could be a result of the conical shape of the socket, or dilatant and strain rate 
hardening properties of the fluids and fibres. 
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8.2 3D Implicit FE Code, ANSYS 
8.2.1 The ANSYS Model al. 
This part of the investigation was carried out to identify the presence of a 
supporting mechanism. It was felt that a `relatively accurate' geometrical approximation 
should be made in the first instance, which could not be done well with an axis of 
rotational symmetry, or in 2D. A 3D FE code was chosen in ANSYS (Ansys Inc, USA). 
This code was an implicit code, and therefore could not easily handle dynamic events. 
The analysis was driven by applied loads, and was thus purely static. The computation 
was performed on a PC with 1 GB of RAM and a 1.6 GHz P4 processor. 
Figure 8.1 shows the geometry of the model, al, which was generated, meshed 
and solved using ANSYS. Three teeth were represented by three rectangular en castre 
cantilevered beams of approximate tooth dimensions (anterior maxillary incisors), 8 mm 
x3 mm x 20 mm. The posterior teeth were disregarded altogether because there are very 
few instances of them ever being damaged recorded in the literature. Although there is 
no doubt the full dentition must be considered in the global view of the problem, the 
addition of several more teeth would have decreased the speed of the solution 
considerably without providing any more depth to the understanding. However, this 
presented some problems for constraining the guard. 
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Figure 8.1 Model a] geometry (a) schematic (b) outline of actual model 
A guard layer was constructed in front of the `teeth' with a gap between the guard 
and teeth of 0.2 mm, and a gap of 0.1 mm between the teeth. A plane of symmetry 
through the centre of the model was used to reduce computational time, so only I'/2 
teeth can be seen in part of figure 8.1 b. 
Unlike a real mouthguard the guard layer in figure 8.1 only separates the teeth 
from the load, and does not cover the rear (lingual) surfaces of the teeth. It was felt that 
because the chosen loading conditions would only represent the forces normal to the 
surface, such as the principal forces from an idealised horizontal blow, it would cause 
the lingual guard surface (if present) to move away from the cantilevers. Hence any 
protective effects of the lingual portion of the guard would be negligible and meant it 
could be excluded from the model without affecting the validity. This view is supported 
by preliminary work of Cummins and Spears (2002). 
Having constructed the volumes in the model a decision on their constraints had 
to be made. The cantilever teeth were simply constrained on their lower surfaces to 
prevent any movement. This allowed them to behave like standard en rastre beams (the 
preferred behaviour of teeth because of the difficulty in understanding the effects of 
embedment). However because of the geometrical simplification of the guard layer it 
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was unclear how to constrain its particular movement. Two options were tested: one 
with a fully constrained lower surface (as the teeth), and an alternative which allowed 
the guard layer to slide in the direction of the applied load (Z, figure 8.1). In both cases, 
sliding and fixed, the behaviour was analogous. However, there was a larger contact 
area between the guard and the tooth with the sliding constraint. 
The contact between the guard layer and teeth was modelled using the default 
contact algorithm (augmented Lagrange method) available in the contact manager (the 
part of ANSYS that allows the definition of contact behaviour). The contact options in 
ANSYS are large and varied, so only the main points will be listed here. Because 
contact is computationally expensive it is generally wise to try and limit the number of 
contact elements included in any model. Contact in this model was occurring between 
the top 1/3 of the teeth and the top 1/3 of the guard layer when a fixed constraint was 
applied to the guard. When the sliding constraint was implemented it was clear that it 
required more contact elements which slowed down the processing speed. Hence the 
fixed constraint was chosen for the guard layer, and the contact elements were confined 
to the upper 1/3 of the teeth and guard, rather than distributed across the entire surface. 
"Flexible to flexible" contact was chosen from the contact manager to define the 
relationship between the target and contact elements, TARGE170, and CONTA174. 
The behaviour of the contact pairs was defined as standard to maintain simplicity but 
with a low coefficient of friction. The penalty factors, penetration tolerances and other 
model details are shown in an annotated input file in appendix 6. 
The properties of both materials were modelled using isotropic linear elastic 
material models. This required three parameters: density, p, Young's modulus, E, and 
Poisson's ratio, v, which are listed in Table 8.1 below. All volumes were meshed using 
ANSYS structural 3D solid elements, tetrahedron and general hexahedrons with 8 nodes 
and 3 degrees of freedom (DOF) (UX, UY, and UZ) per node. The linear elastic 
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modulus of EVA (common mouthguard material) is between 90 MPa and 900 MPa 
(Cummins & Spears 2002), dependent on the vinyl acetate content. However, strain rate 
hardening is likely which is considered by increasing the range of layer moduli. 
Furthermore, these high moduli can also be considered representative of materials such 
as fibre and particulate reinforced polymers not yet used in mouthguard construction. 
Guard Teeth 
E: Varies (100-3200 MPa) E: 80 GPa 
v: 0.35 v: 0.23 
p: 1400 kg m3 p: 1850 kg m3 
Table 8.1 Linear elastic material properties for model al 
The load distribution was applied to a series of 6 concentric annuli (figure 8. b), 
with a peak in the centre, and a reduction towards the edge according to the Hertzian 
hemispherical pressure distribution. The static pressure distribution used for loading 
approximately represented the peak stresses of a 20 m s"1,10 mm sphere impact, 
assuming a peak contact area radius of 2 mm. A more detailed discussion of this is 
given in relation to Hertzian contact mechanics in appendix 4. 
8.2.2 al Results 
Figure 8.2 shows the 'h symmetry von Mises stress solution for the cantilevers. 
The guard layer was excluded from the illustration because the stresses in it were 
unimportant. It is clear that the en castre beams are behaving in the manner expected, 
with the maximum stress located at the base where the beam is constrained. 
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Figure 8.2 6I (maximum principal stress, tension) of the central tooth in model al. Note that 
loading is applied to the guard layer which is not shown in this figure 
As a validation test of this approach, the loads on the cantilever model al were 
varied. For a couple of layer moduli the maximum pressure and corresponding pressure 
distribution on the guard was doubled and also halved for respective solutions. The 
resulting displacement of the central cantilever for these trials showed a precise 
doubling of displacement for a two fold load, and also exactly half the displacement for 
half the load. This shows the linear material model behaving as expected for this 
geometry, and the clear linear relationship between force and displacement, for a static 
fixed load. The relationship is not so clear under impact conditions modelled with an 
explicit solver, which will be explored in more detail in chapter 9. 
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Figure 8.3 shows the peak displacement of the central cantilever (point A in figure 
8.1) against guard layer (referred to as layer from now on) thickness for layers of 
400 MPa, 800 MPa, 1200 MPa and 1600 MPa. For each of the plots the displacement of 
the cantilever decreases with increasing layer thickness. Figure 8.4 shows the peak 
displacement of the central cantilever against layer modulus for layers of 2,4, and 8 
mm. An increase in layer modulus is associated with a decrease in displacement in this 
case. These figures show the support mechanisms clearly. For a static fixed applied 
force the displacement of a tooth bordered by neighbouring teeth decreases with an 
increase in protective layer modulus. 
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Figure 8.4 Displacement vs. modulus for various 
guard thicknesses 
Both of these graphs show the presence of the support mechanism, but cannot 
show the cushioning mechanism because the loading force is fixed. In reality the 
loading force would depend on the modulus of the guard, which is why further 
experiments are carried out with DYNA2D later. Fundamentally the support mechanism 
works better with rigid layers. However rigid guard layers produce higher impact forces, 
which are not accounted for in the ANSYS model. For a dynamic event, impact 
durations would be shorter, peak forces and stresses higher. and contact areas variable. 
Although this would seem to suggest stiffness as a poor characteristic for a protective 
interposing layer, we can see that for a constant force there are a number of beneficial 
points related to the supporting mechanism, none more so than the reduction in 
2mm 
-4 mm 
-8 mm 
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cantilever displacement with increased layer modulus. These effects are summarised 
briefly below. 
(1) Higher modulus guards redistribute loads over neighbouring substrates and thus 
a greater surface area by deforming rigidly and thus by a consistent amount 
across their width. Furthermore, resisting local deformation may still reduce 
local stresses by applying the load over a greater area between the guard and 
substrate, as well as between the impacting object and the guard. Cummins and 
Spears (2002) show how this is applicable for reducing the stresses in a 2D 
embedded tooth. 
(2) A thicker layer is more effective at supporting than a thinner one. However, the 
reduction in displacement achieved by increasing the layer thickness from 7 mm 
to 8 mm, is not as great as that achieved when increasing the layer thickness 
from 3 mm to 4 mm. 
These conclusions alone would suggest that a higher modulus guard will be better 
at protecting the underlying teeth. However this does not take into account the effect of 
cushioning, which becomes more effective as the guard modulus is reduced. Section 8.3 
describes a separate study of the cushioning mechanism, while 8.4 looks at combining 
the conflicting requirements of the two. 
8.3 2D Explicit Code, DYNA2D 
8.3.1 DYNA2D Model bl 
To attempt to account for the dynamic effects excluded in ANSYS, a rotationally 
symmetric model was developed in DYNA2D, although at this stage the geometry does 
not include any support, and any protective effects will be a result of the cushioning 
mechanism only. 
The model used to investigate the cushioning effect of a protective layer is shown 
in figure 8.5. The axi-symmetric model was created using MAZE, solved using 
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DYNA2D and analysed in ORION. These particular versions of software from 
Hydrosoft International have been ported to the PC from the public domain workstation 
versions of the code. The computation was performed on a PC with 1 GB of RAM and a 
2.6 GHz P4 processor. 
A 
B 
25 mm 
A 
Guard layer 
B 
25 mm substrate 
Figure 8.5 Geometry of Dyna model: bI 
The mouthguard is represented by a uniform layer, which is located on a block, 
the substrate. The substrate represents the central cantilever of the model a]. Although 
very different geometrically, the two models (al and bl) behave similarly (although at 
this stage the dynamic model is not incorporating support) because they both use linear 
elastic material models. Clearly a simple material model is much more appropriate 
when attempting to understand a system with so much uncertainty. The likelihood of 
deriving anything more from a complex non-linear anisotropic material is small, and it 
would increase the cost of modelling vastly. 
According to linear elastic theory, a spring of stiffness k will have a displacement 
of it = Fk when compressed by a point load F. Since a cantilever of a linear elastic 
material will also have a tip displacement proportional to the load, then a cantilever cn 
be found to give identical behaviour to the spring, specifically under a point load. For 
such a theory to hold, the point load is required to produce no local deformation. 
However in this situation of a concentrated load some local deformation does occur. It 
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is safe to discount the differences due to these effects, but to be able to do this they must 
be clearly understood. 
Although there is very little difference in the linear behaviour of the two models 
(al and b1), because of the local deformation there are significant differences in the 
stress distributions, i. e. the maximum stress in the cantilever (al) is at its base, and for 
the cylinder (b I) it is on the surface. Nevertheless, displacements of the loading point in 
both models are proportional to these stresses. With this understood the new geometry 
can be used with confidence. 
The arrangement of figure 8.5 is impacted along the axis by a sphere with an 
initial velocity of v. There are two contact regions which have to be accounted for in 
this model, namely sphere to guard and guard to substrate. DYNA2D models contact in 
a different way from ANSYS. The components which account for these complex 
interactions in DYNA2D are called slidelines. Both surface interactions were modelled 
using frictionless slidelines, type 1, to account for the low friction expected by the 
lubrication of saliva and other surface contaminations. 
Contact situations are always difficult to model with finite elements because of the 
very highly localised stresses involved. Because the geometry of the guard layer was 
required to vary in thickness from 1 mm to 8 mm, appropriate mesh changes were 
incorporated to keep the elements roughly square, but with a graded mesh that included 
more elements in areas of interest (those around the contact regions). Figure 8.6a shows 
the global mesh density, and figure 8.6b shows the regions of high mesh density, with 
the small element size visible in the contact regions of the sphere, guard and substrate. 
Mesh grading was applied to decrease the number of elements in areas of less interest 
and thus improve solution speed. 
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a b 
Figure 8.6 Mesh of model bl with (a) contact regions of high mesh density and (b) global mesh 
density 
All three parts (sphere, guard layer, and substrate) were modelled with linear 
elastic materials of undefined strength, as failure properties are complex, especially 
those of teeth. Both the sphere and the block were modelled by an approximation to the 
properties of teeth, using material properties shown in table 8.2. 
Guard layer Sphere and Substrate 
E: Varies (100-3200 MPa) E: 80 GPa 
v: 0.35 v: 0.35 
p: 1400 kg m-3 p: 1850 kg m; 
Table 8.2 Linear elastic material properties for model hl 
The range of guard layer material properties represents the approximate possible 
properties of thermoformed polymers such as EVA, with consideration given to 
increased modulus caused by strain rate effects, and the possibility of other harder 
polymers being used for mouthguard manufacture. Although E and v were given 
according to the properties in the literature, the simple approximation of the material 
behaviour as linear elastic means that the entire range of available polymers, not only 
170 
EVA, are theoretically testable based on these material parameters. As a first 
approximation the loading conditions were given by an initial sphere velocity of 20 m s" 
1 (typical of the puck velocity for an ice hockey wrist shot, Sim & Chao 1978), and a 
sphere mass of approximately 1 g, corresponding to an impactor energy of 0.2 J. 
It was difficult to know how to constrain the model realistically and effectively in 
the first instance, and thus there are no constraints imposed on the model at this stage. 
This may be considered non-standard modelling procedure, but unlike ANSYS, 
DYNA2D is designed to deal and converge quickly with the rigid body motions which 
occur as a result of limited constraints. Furthermore, the large mass of the substrate in 
relation to the sphere, and the high stiffness of both parts mean that the duration of the 
impact is short. During this time the substrate, because of its relatively large mass does 
not separate significantly from the guard. 
8.3.2 bl Results 
ORION is a very convenient and versatile code with which to explore the results 
of the simulation data. It can be used interactively to display results in a variety of forms 
including contour plots, spatial profiles and time histories of many parameters such as 
force, stress, strain, displacement and velocity. In addition it can be used to record data 
files of these quantities using a command line interface, or, more conveniently, 
command files. When analysing the results, the data from DYNA2D, which uses units 
of g, cm and µs, was converted to SI units using a simple transform function. Hence in 
later chapters pictures taken directly from ORION show arbitrary DYNA2D units 
before the have been converted to SI units shown in graphs and tables. 
The force time histories for impacts on various layers in model bl are shown in 
figure 8.7, in which the total force on the substrate across surface BB (figure 8.5) is 
plotted against time. The graph shows the data for several layers ranging in modulus 
from 100 MPa to 3200 MPa. Each trace follows a roughly cosine shape as predicted by 
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Hertzian impact theory (Johnston 1985), with the peak force occurring half way through 
the contact duration as seen in appendix 4. It is also clear from these plots that the 
impulse value - the area under the curves - is the same for each of the different impacts. 
The values for impulse calculated from the force time curves ranged from 3.73x 104 to 
3.8x 104 N µs, showing no significant difference between them. Impulse is equal to mAv, 
where Av is the change in velocity of the impactor, and m is the mass. This can vary 
between my for a perfectly inelastic impact (no rebound) up to 2mv for a perfectly 
elastic impact, where the rebound velocity is -v. In the case of model bl a theoretical 
impulse of 0.039 Ns or 3.9x 104 N ps is achieved. The closeness of the calculated values 
from the force time curves and the theoretical value shows that the unconstrained model 
did not significantly affect the impact behaviour, and the impact is almost completely 
elastic. 
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Figure 8.7 Total force time histories on the substrate for various layer moduli in model hI 
Figure 8.8 shows how the peak force on the substrate (surface B-B figure 8.5) 
varies for 2,4, and 8 mm thick layers. In each case the peak force increase caused by 
the increase in layer modulus is clear. Figure 8.9 shows the variation in peak force with 
thickness for three layer moduli: 400 MPa, 800 MPa, and 1600 MPa on the same 
surface. In each case shown in figure 8.9 the peak force decreases with an increase in 
layer thickness. The dramatic initial change is a result of the inclusion of the data point 
from the impact on the substrate with no guard layer. The plots then sharply level off 
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indicating that there is little reduction in peak force for layers thicker than about 2 mm. 
This shows the importance of having any type of interposing guard layer between two 
rigid colliding bodies, but the limited effect of increasing the thickness beyond 2 mm. 
However these conclusions are valid only for this particular impact configuration. To 
generalise, it is suggested that increasing the layer thickness beyond an amount equal to 
the contact diameter has little effect. This can be qualitatively justified by examining the 
stress field associated with elastic Hertzian contact. 
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The variation in axial stress at different parts of the model is shown in the next 
few figures. The plots in figure 8.10 compares the axial stress over the duration of the 
impact for two elements, one located on the surface of the guard directly under the 
initial contact point (C on figure 8.5), and the other at the bottom of the guard directly in 
line with the first (D on figure 8.5). It shows how a reduction of approximately 75%, is 
seen between the impact surface and the base of the 4 mm 800 MPa guard. 
- 400 MPa 
800 MPs 
1600 MPa 
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Figure 8.10 Axial stress time history for central elements C and D in figure 8.5, with the substrate 
covered by a 4mm thick 800 MPa layer 
The variation of peak axial stress along the guard surfaces defined by lines CA 
and DB on figure 8.5 can be seen in figure 8.11, where, as expected the axial stress on 
the contact surface is much higher and decreases quickly with distance from the central 
axis of rotational symmetry. Similar behaviour is seen for the axial stress on the lower 
surface, although the reduction takes place over a longer distance and from a lower 
initial value as a result of the local spreading of the guard layer. The stresses are directly 
attributable to the contacting bodies shape, and thus the way the force is applied to the 
guard. 
Note the jagged irregularities and glitches on the curve in figure 8.11. These are 
common in the profile graphs used in this work and can he attrihuted to numerical 
noise, the density of the mesh in the region, and other factors such as penetration 
tolerances. Because they do not alter the overall trends in the data they can usually he 
ignored. 
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Figure 8.11 Axial stress profile for the top and bottom surfaces of guard, defined by line CA 
and DB in figure 8.5, and protected by a4 mm thick 800 MPa layer 
Figure 8.12 shows the profile of axial stress through the model's axis of symmetry 
directly under the centre of the impacting sphere, and thus the region of highest stress. 
The peak impact stresses can be clearly seen in relationship to model geometry, and the 
rate at which it decreases through the layer and into the substrate is evident. The total 
force transmitted to the substrate differs only slightly from the total force generated at 
the impact surface, in accordance with the conservation of momentum principles. 
However the softer layer considerably reduces the maximum stress components. 
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Figure 8.12 Axial stress profile at the time of peak stress along axis E-F in the attached schematic of 
model bl for a 4mm thick layer, 800 MPa 
The main points to arise from this investigation of the cushioning effect of a soft 
guard layer are as follows. 
(1) The peak impact force is reduced by the presence of a compliant layer. 
Momentum still has to be conserved, so that this reduction in peak force must be 
accompanied by an increase in contact duration. A lower peak force reduces 
stress on structures loaded by the impact, including teeth, the temporo- 
mandibular joint and the brain. Spreading the impulse over a longer period also 
allows more time for the body's active reflex processes to compensate for the 
applied impulse. 
(2) The presence of the compliant layer reduces the peak stresses that are 
transmitted to the substrate, again by spreading the load over a larger area, but 
critically, by local deformation rather than by supporting. It is also important to 
consider the stresses in the impacting object, as many impacts may involve an 
intermediate layer such as the lips, and thus a more compliant layer will prevent 
higher stresses there also. 
(3) A thicker layer will be more effective at reducing force and stress than a thinner 
one. However, most of the cushioning effect can be achieved with a thickness of 
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the same order as the contact diameter, and increasing the thickness beyond this 
has limited effect. 
Each of the points above is also related to the supporting mechanisms but at this 
stage has not been shown in the context of a dynamic explicit model with multiple 
substrates. However multiplying the normalised displacement results with the 
normalised force results roughly accounts for these effects, and this is presented in the 
following section. 
8.4 Linking Cushioning and Support 
The behaviour described so far represents the problem in two separate forms, 
static and dynamic. Therefore the results are distinctly different. Model bl shows that 
there is an associated increase in impact force with layer modulus, which the static 
nature of the supporting model al does not incorporate. To incorporate the force 
increase in the static model, al, the displacement values can be scaled by the force data, 
i. e. increased linearly by multiplying the displacement by the force for the same layer 
modulus from the model bl. This is possible because of the well defined linear 
relationship between force and displacement in linear elastic materials. To be able to 
compare the different data sets easily both 100 MPa layer results are normalised to a 
value of 1. The liner relationship between force and displacement was tested and 
discussed for the cantilever model, al, in section 8.2.2, but only assumed for bl based 
on the discussion in 8.3.1. Nevertheless, normalising the data in this way provides a 
convenient way of combining the separate results, which exploits the benefits of both 
packages (the high dynamic solution efficiency of DYNA and the improved geometry 
of ANSYS). 
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The peak force vs. modulus results for a layer thickness of 4 mm are shown in 
figure 8.13, where they have been normalised to the values obtained with a modulus of 
100 MPa so that comparisons can be easily made between impact force and 
displacement. The top line in figure 8.13 is the normalised peak impact force data from 
the curves in figure 8.7. This represents the rise in impact force with modulus. The 
bottom line is the normalised displacement data from figure 8.3 and 8.4. If it is assumed 
that displacement is proportional to force, then multiplying these two lines should give 
the normalised net displacement for a fixed impact condition, taking into account the 
rise in impact force with modulus. This is shown in the middle curve. The important 
point to note here is that as modulus increases, the rise in peak impact force outweighs 
the increase in the support mechanism, leaving a slight increase in net displacement. 
The conclusion here is that, taking both the cushioning and supporting mechanisms into 
account, a softer layer does lead to a smaller displacement of the tooth. However, it 
should be noted that this conclusion may not apply to other impact configurations and 
combinations of material properties. 
8.5 Summary and Conclusions 
The results shown in figures 8.8 to 8.12 are clear evidence of a cushioning 
mechanism, which should not be confused with energy absorption for reasons already 
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discussed. However, the realism of this problem is limited by the single-component 
substrate and thus the exclusion of the supporting mechanism. The neighbouring 
anterior teeth are also loaded during certain impacts, especially those with particularly 
large contact areas. At this initial stage, the results from model al show how the 
influence of support (in this case, support of neighbouring teeth) varies with layer 
thickness and modulus for a static pressure distribution. An effective method has been 
shown that combines the two sets of results to account for the limitations in the 
respective packages. The results from combining the packages suggests that rigid 
supporting layers increase the impact force more than they distribute the load. However, 
this is not a general conclusion, and further modelling combining cushioning and 
support in chapter 9 will show other outcomes. 
It is important at this point to highlight uncertainty in the failure and deformation 
mechanisms of the teeth as discussed in Chapter 2 and 3. It is not clear that injury will 
occur after a peak threshold of stress has been reached or if a prolonged smaller load 
may offer an alternative cause of injury. Therefore no concrete conclusions can be made 
regarding the affect of impact on the dentition. The FE models presented have 
concentrated on representing an impact between a free projectile and a tooth-like 
structure that is covered by a protective layer. Although this is a very restricted view of 
the complex real situation, a number of failure criteria can be used to represent risk of 
specific types of injury. 
Parameters such as displacement have been used with success in the literature by 
authors such as Hoffman (1999), and Cummins and Spears (2002). Hoffman used 
displacement in a mechanical model successfully to show trends such as thicker guards 
protecting better (less tooth deflection), and guards spreading (neighbouring teeth 
displacing when not directly loaded) which are accepted as expected behaviour. 
Cummins and Spears validated their FE model using known in vivo displacements. The 
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displacement of a point on an en castre beam is related to the history of stresses and 
strains within any root portion, and thus can be considered a measure of the risk of 
injury, particularly those injuries to the socket section. 
The use of displacement in both models (al and b1) has successfully shown 
similar protective trends to those in the literature. Although these models provide a very 
restricted view of the complex real situation, a number of injury types can be 
considered. Including displacement there are three parameters, and hence three different 
injuries that can be linked. 
" Fractures initiating in the crown, above the gingival margin are likely to be 
caused by direct contact stresses, which are generally much higher than any 
reaction stresses from contact with the supporting socket. A measure of the 
probability of fracture can therefore be found from the contact stresses 
themselves, particularly the peak value which occurs during the impact. For a 
simple impact with a regular body (such as a sphere), this occurs at the centre of 
the contact area and at the time of maximum penetration. In view of the 
geometry of the models, the stress component along the impact direction 
represents the main load applied, and so is an appropriate indicator of the 
complex stress field which would cause fractures to initiate. 
" Fractures initiating in the root, below the gingival margin are a different type. 
Because there are no root portions in the FE models shown, an indirect method 
can be used to determine the risk of injury to this portion of the tooth. The root 
is not in direct contact with the impactor, and so the stresses are generated by the 
bending moment arising from loading on the crown. The total force applied to 
the crown (surface of the substrate) determines the maximum stresses within the 
root. Therefore total impact force is a measure of the occurrence of this type of 
injury. 
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0 The prolonged loading of a tooth by the impact that leads to excessive 
displacement in the socket will result in socket, PDL damage, and other 
associated injuries if the tooth does not fracture. Therefore it is not only the load 
itself which is important, but also the time for which the load is applied. To 
produce an injury, a tooth must move much more than the relative displacements 
of points within it, i. e. as a rigid body. Therefore the probability of this type of 
failure can then be measured in the models by the maximum displacement of 
any representative point within the tooth. For convenience this is taken to be the 
same point at which the maximum stress is measured. 
These observations are summarised in table 8.3. 
Type of injury Representative parameter 
Fractures initiating from crown Peak axial stress at contact 
Fractures initiating in root Peak force applied to tooth 
Periodontal and socket damage, luxation and 
exarticulation 
Peak displacement of tooth 
Table 8.3 representative parameters for different injury types 
The remaining chapters will show how these can be used with several other 
parameters to understand and describe the protective mechanisms of mouthguards fully 
in these idealised forms. 
In the next chapter a 2D model that investigates the support and cushioning 
mechanism dynamically will be shown and the results discussed. From this it will 
become evident that although not geometrically correct, the different protective 
mechanisms are represented properly as they would be in a dynamic 3D cantilever 
model. The quicker solution speed as a result of specialised solver, and simple contact 
algorithm are encouraging reasons to select software such as DYNA2D, but also 
because of its explicit nature it allows integration of force data against time, and 
calculation of impact forces. For these reasons the remainder of the work is completed 
using this type of model alone. 
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9 Dynamic FE Analysis of a Multisubstrate Model to Assess Cushioning and 
Sam 
9.1 Introduction 
In chapter 8 two types of model were introduced: static 3D and dynamic 2D. The 
most appropriate parameters to represent injury risk (total force, axial stress, 
displacement) were identified along with the presence of the support and cushioning 
mechanisms. The dynamic analysis shown in this chapter will try to combine the 
cushioning and support mechanisms by introducing a more complex substrate with 
neighbouring support. Moreover the protective mechanisms' success (how they alter 
total force, axial stress and displacement) will be assessed under two distinct loading 
conditions using `small-hard' and `big-soft' spheres. 
There are many different types of impact which can occur as outlined in chapter 3, 
and these can be characterised further into smaller sets depending on their similarities. 
The decision to investigate two particular types of impact, small-hard and big-soft, is 
justified in chapter 4 based on them representing two different cases of the range of 
impacts that can occur in practice. 
The first part of this chapter will use small-hard impact loading conditions, similar 
to those used in chapter 8, to assess protective layer capabilities on the new multi- 
substrate model. Impacts of this particular type are expected to lead to local fracture of 
the tooth outside of the socket, probably caused by high contact stresses that result when 
two hard bodies collide. High contact stresses are not only a result of a hard object 
collision but can also be produced when opposing teeth forcefully meet. The risk of 
these injuries is probably best represented by axial stress data. 
Although small-hard impacts are expected to produce local fracture of the tooth 
this is not the only injury they may cause. The risk of other injuries represented by 
displacement and peak force will also be considered. However these injuries are 
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considered to be more likely under the conditions caused by big-soft impacts which are 
investigated later in this chapter. 
9.2 A Dynamic FE Model Incorporating Support 
To investigate the behaviour of the supporting and cushioning mechanisms 
dynamically, a number of geometrical concessions have to be made to manage the 
problem in a 2-D analysis using DYNA2D. It is possible to do this because the 
mechanisms identified will be present in such an axially symmetric model as well, as 
will be shown in the remainder of this chapter. 
The behaviour of the protective layers with respect to thickness seems to be quite 
simple and thus there is relatively little time spent on investigating this. In general 
thicker is better for both support and cushioning. In contrast the behaviour of the layers 
with respect to their elastic modulus is of principal importance in this chapter. 
The dynamic model bl shown in section 8.3 has been developed further to include 
the support mechanism identified using the model al, and the geometry is shown as 
model cl in figure 9.1a. In this model the central substrate is a cylinder, surrounded by 
an annular support substrate. Both of the substrates are covered by a guard layer on top 
that varies in modulus. Thus the supporting cantilevers of al are represented by the 
outer annulus (support substrate), and the central cantilever is represented by the inner 
cylinder (central substrate). The substrates are constrained on their lower surface by a 
`massive block' and a bonded slideline which will be explained shortly. The 
arrangement is impacted along its rotational axis of symmetry by a sphere similar to that 
used in model bl. Figure 9.1b shows model dl, which is cl with a lowered support 
substrate. By lowering the support substrate, the support mechanism was excluded and 
so the effects of the two mechanisms could be distinguished. 
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Figure 9.1 Multisubstrate model geometry (a) model cl with support (b) model dI with no support 
As already mentioned the cantilevers in al are an approximation attempting to 
represent the effective stiffness of the tooth-socket system. where resulting movement 
of many parts of the surrounding structures affects the behaviour of the tooth. The 
effective modulus of the tooth-socket system has been questionable throughout, and it is 
unclear how the response of a human (voluntary and/or involuntary) to a facial blow 
would alter the effective modulus of the tooth socket system. Hence at this stage it was 
felt that a number of small changes could be made to the materials used to explore 
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several conditions that might be applicable when considering different effective moduli 
of the tooth, including the influences from the other structures in the system. 
Because in the previous models the substrate modulus was high, to represent 
enamel, so far it has not been possible to investigate the behaviour when the stiffness of 
the guard was greater than the substrate because mesh failure and non-convergence 
occurred. Investigating layer moduli of a wider range relative to the substrate was 
important because in practice it is not possible to guarantee the tooth (as part of the 
broader more mobile surrounding system) behaving more rigidly than the guard, 
specifically under initial loading. Hence when using a block to model the behaviour the 
block should be have a much lower modulus than the actual tooth material. Moreover 
modelling the cantilever as a solid block reduces the relative displacement of the 
substrate and by reducing the modulus of the substrate any trends in displacement 
should be clearer. Lowering the substrate modulus E from 80 GPa to 1 GPa allowed the 
range of layer moduli to be increased relative to it, so that guard layers much stiffer than 
the substrate and much softer than the substrate could be used without mesh failure. 
The final material properties for the model c1 and d1 are shown in table 9.1 and 
the calculations of the sphere's kinetic energy are shown in equations 9.1 to 9.3. After 
some preliminary investigations of both impact types (small-hard and big-soft) with the 
various combinations of material properties, the most appropriate density of the sphere 
was set at 1000 kg m3, which is approximately half of that used in chapter 8. 
Sphere Guard Massive Block Substrate 
E: 80 GPa E: Varies E: 1 GPa E: 1 GPa 
v: 0.23 v: 0.35 v: 0.3 v: 0.23 
p: 1000 kg M-3 p: 1000 kg m' p: 1x10 kg m" p: 1850 kg m 
Table 9.1 Material properties of models cl and dl 
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Volume of small sphere: 
3 
21(0.005 m)3 =5.2x 10-7 m3 (9.1) 
Mass of small sphere: 5.2x107 x 1000 kg m-3 = 5.2 x 10-4 kg or O. 52 g (9.2) 
Kinetic energy of small sphere: 
1(5.2 
x 10-4 )202 = 0.104 J (9.3) 
The contact between the sphere and the guard and between the guard and the 
substrates are modelled in the same manner as described for model bI, but using one 
extra slideline for the contact between the support substrate and the guard layer. 
However in this case, because of the lower central substrate mass and modulus, it was 
necessary to constrain the model using a special slideline called a stonewall and the part 
identified as a `massive block' in figure 9.1. This was done because during some trial 
runs with the new low substrate modulus and mass, the sphere, layer, and substrates 
would all continue moving downwards i. e. there was no rebound. The stonewall is a 
type of slideline that can be used to represent a rigid, stationary, planar surface, and so 
prevents the model from continually moving in the direction of the load. But to prevent 
rebound of the substrates off the stonewall, the stonewall was overlain by a small block 
with a very large density (massive block), which in turn was connected by a `tied' 
slideline to the lower surfaces of the substrates. This effectively constrained the lower 
surface of the model from moving in either direction on the y axis, and eliminated the 
unexpected behaviour seen in the preliminary experiments. 
9.3 Results and Analysis of cl and dl 
Previously, several sets of data had been used to investigate the behaviour of 
models al and bl. In this chapter displacement, axial stress, force data are used in 
various forms including some time integration to provide a broad, detailed view of the 
protective mechanisms. 
Displacement and stress results are the peak values in the substrate as established 
by interactively interrogating the ORION postprocessor. In all cases unless specified the 
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peak quantities occur in the region directly under the contact zone (point a figure 9.1 a). 
Peak impact force (PIF) data is the peak of the total force measured along the whole of 
the surface of either support substrate or central substrate. Force on the central substrate 
is measured along line b in figure 9.1 a, and for the support surface it is measured at line 
c. Respective axial stress profiles are also given along these lines, and axial stress peaks 
in the substrate occur at point a unless specified. These surfaces are also used for 
impulse calculations, as it is the first integral of force vs. time. 
The graph in figure 9.2 shows the maximum displacement of the central substrate 
during the impact of the small-hard sphere for various guard layers of different moduli. 
The black plot shows the results with support (model c 1) and the red plot shows the 
results without support (model dl). Similarly, in figure 9.3 the peak axial stress on the 
substrate is compared for supported and unsupported guard layers of various moduli. 
The similarity of the displacement and stress data shows the degree of proportionality 
between these quantities. 
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On first assessment, the trends should be compared to the behaviour from models 
al and bl. The data appears somewhat different from that seen for the displacement of 
the 3D cantilever model (al) combined with the surface of the linear elastic cylinder 
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(b I) in the normalised data of figure 8.13. However this can be explained based on the 
altered material properties. The fact that the normalised displacement force data from 
figure 8.13 shows a steady increase with layer modulus, in contrast with the curve seen 
in figure 9.2, can be attributed to the lower substrate modulus of cl and dl. If the 
substrate modulus was still 80 GPa, as it was for al and b1, then the peak displacement 
would continue rising as it did in figure 8.13, instead of dropping once it reaches 1 GPa. 
It is clear from figure 9.2 and 9.3 that there does not appear to be an optimum 
modulus for reducing the displacement and axial stress of the central substrate under 
these impact conditions, but in fact a worst case configuration under which they both 
peak. This occurs when the modulus of the substrate and the guard layer are similar. 
For guard layers with a lower modulus than the substrate (left of the peak) the 
effects of cushioning can be seen, where the softer the guard the more protection is 
provided. This mechanism is in line with what was predicted in the previous chapter 
using model bl. 
The coincidence of the plots for the supported and unsupported model data in 
figure 9.2 and 9.3 imply that the supports are not affecting the maximum force and 
displacement. However, these quantities do decrease as the layer modulus increases, and 
display an unexpected manifestation of the support mechanism which will be discussed 
in more detail later. 
Figure 9.4 shows the PIF on the central substrate for supported (cl) and 
unsupported (dl) layers of various moduli. The PIF rises steadily as the layer modulus 
increases. However this quantity is not proportional to the stress and displacement of 
the substrate, but continues to rise as the layer modulus is increased. Although the PIF 
and displacement data would be expected to exhibit similar trends, the point 
measurement of displacement vs. the surface measurement of force means under small- 
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hard impact conditions the PIF is not as closely related to the peak displacement and 
peak axial stress as predicted. 
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Figure 9.5 Impulse vs layer modulus 
The data presented so far shows there is clearly no difference between the 
supported and unsupported models in terms of peak axial stress, peak displacement and 
peak force. However, figure 9.5 shows the total impulse, or change of momentum, of 
the central substrate and support substrate for various layer moduli, which does indicate 
the supports are involved. The impulse is derived by integrating the force time curves 
for the respective surfaces and models. A function is available to do this automatically 
within the graph plotting software used (Sigma Plot 8.0, SPSS Inc. ). The impulse on the 
central substrate (black plot) reduces as the layer modulus increases, and concurrently 
the impulse on the support substrate (red plot) increases. The total impulse on both 
surfaces (sum of red and black plots) remains roughly constant throughout, as expected 
under consistent impact conditions and with non-lossy materials. This shows that the 
rigid guard layers are increasing support levels, and transferring momentum away from 
the substrate. 
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The green plot in figure 9.5 shows the impulse on the substrate for model dl, with 
no support. This should remain constant throughout, at approximately 2mv because 
there are no other substrates which receive the momentum, and no energy absorption in 
the linear elastic materials. However there is a slight decrease for more rigid guards that 
requires some explanation. According to the principles of conservation of momentum 
this data should show a strict consistency, not the small deviations seen. A simple 
explanation can be given in terms of the model dynamics. The dynamic nature of the 
model introduces multiple mechanisms by which this momentum can be redistributed 
instead of being directed straight to the substrate. They include elastic wave propagation 
and the dynamic vibration of the guard layer, friction between surfaces, and effects of 
the boundaries. 
The data presented so far has highlighted some unexpected behaviour. Principally, 
the support mechanism is reducing momentum transfer to the substrate, but not reducing 
PIF, peak axial stress or peak displacement by this mechanism. Furthermore there is an 
unexpected decrease in momentum of the central substrate for the unsupported model. 
A more detailed view of the force time histories for some of the models are now 
presented along with data on the axial stress profiles for the substrate surface during the 
peak stress state, which provide some insights into these apparent discrepancies. 
To investigate the force time traces fully, the duration of the solution was 
increased. In figure 9.6 the force time traces from a 5050 MPa layer (this corresponds to 
a composite modulus used for the comparison of laminate guards in later chapters) on 
model dl (no support - green) is shown, along with the force time histories of the 
central substrate (black plot) and support substrate (red pot), for the same layer but with 
support (cl). 
The peak force on the central substrate with no support, and central substrate with 
support occur approximately at the same time, which coincides with their peak axial 
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stress states at approximately 13 is, and peak displacement state at approximately 20 µs 
as highlighted by the annotated vertical lines seen in figure 9.6. However the peak force 
on the support substrate occurs significantly later, after a delay almost the same length 
as the main loading pulse, and so the support is loaded towards the end of the sphere 
rebound. This delay means that an appreciable load is not distributed to the support 
substrate until after the peak axial stress, peak displacement, and PIF have already 
occurred on the central substrate. 
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Figure 9.6 Force time histories for impact on 5050 MPa layer 
Secondary and tertiary peaks are visible for the data on unsupported guards, but 
they are mostly absent from the supported guard data. In general the peaks are more 
pronounced for the most rigid unsupported guards, although still present for the more 
flexible guards. The later peaks occur after the rebound of the sphere (the initial peak), 
and have been identified with transverse flexural behaviour of the guard by interactively 
examining results from the post-processor ORION. 
The data included in figure 9.5 was taken from model solutions acting for not 
much longer than the duration of the collision. Thus when the solution had finished, 
there was still sufficient momentum stored in the guard, due to its flexural behaviour, to 
give a lower value for impulse. This explains the reduction in impulse for the green plot 
191 
peak stress state Time µs 
in figure 9.5, and shows that the momentum eventually transferred to the support 
substrate is essentially stored in the form of vibrations in the layer. Nevertheless the 
behaviour is inconsequential with respect to the data on displacement and stress for this 
short duration impact. 
When the flexural waves occur in the supported guards, the presence of the 
support substrate absorbs this momentum which is visible as an increase in the relevant 
force time plots. For the unsupported geometry there is no support to minimise the 
flexural behaviour of the guard, and in fact the overhang of the guard may allow for 
pronounced behaviour of this kind. Expanding the substrate to the width of the guard 
was considered initially (as in bl), which would have undoubtedly decreased the 
flexural behaviour. 
Figure 9.7 shows the force time histories for the support (red) and central (black) 
substrates for an impact on the model cl protected by a1 GPa guard layer, including the 
identification of the peak stress and displacement states by the vertical lines. Figure 9.8 
shows the same but for a 198 MPa guard layer (a value chosen for modelling composite 
layers in chapter 10). They confirm that for rigid and flexible guards, there is no 
significant loading of the support substrate before the peak stress has been reached, and 
only minimal loading prior to the peak displacement state. The momentum transferred 
to the support substrate is first stored in the layer when impact occurs in the form of 
elastic waves. The most rigid layers provide the most support, and hence the most 
momentum transfer. 
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Figure 9.7 and 9.8 are also examples of secondary peaks on the substrate, but 
from model cl, with support. The behaviour cannot be caused by the overhang causing 
similar peaks in the data for unsupported guards. It is important to identify the cause of 
these relatively small peaks because the rebound of the substrate causing similar trends 
in preliminary results was eliminated, and the model behaviour should be understood 
fully for confidence in the results. 
The following figures (9.9 to 9.12) show the displacement in the guards and the 
substrate at different stages of the impact (51 µs, 69 µs, 79 µs and 97 µs) for the I GPa 
supported guard, which has the force time data plotted in figure 9.7. The scale uses the 
automatic range selection of the software (ORION). Generally red signifies a large 
positive (upward) displacement through to a large negative (downward) displacement 
with dark blue. However, in figure 9.12 there is only positive displacement, and thus the 
maximum is identified by red and the minimum by blue. 
Al 
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Figure 9.9 shows the final stage of the unloading phase at 51 µs. The edges of the 
guard show an upward displacement due to the flexural behaviour. There is an area of 
compression in the centre of the guard, and all throughout the substrate. At the next 
stage figure 9.10 shows the model at 69 is, when the loading by the sphere has finished 
(no force on the surfaces as shown in figure 9.7). The entire guard shows upward 
displacement, probably caused by `recoil' when the load is removed. Figure 9.11 shows 
the next stage with the model at 79 µs. Two important effects can be seen. The flexural 
wave travelling through the guard has produced a `wave like' displacement, where there 
is a peak in the centre, which descends to a minimum away from the axis, and then rises 
again towards the edge of the guard with another peak. The lower part of the substrate 
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now also exhibits a small positive displacement. Since the substrates are attached to the 
massive block at the lower interface, which has not moved, the positive displacement 
can be attributed to stretching of the block caused by rebounding stress waves. Finally, 
figure 9.12 again shows the flexural wave displacements in the guard, and the whole of 
the substrate displaced upwards causing contact with the layer and hence force on the 
surface. At this point (97 µs) the force on the substrate is starting to increase again, as 
shown by the secondary peak in the force time trace of figure 9.7. 
The figures highlight the influence of stress wave propagation in these models. 
Certain conditions, such as when the modulus of the guard and the substrate are the 
same, increase harmonic resonances throughout the model, resulting in secondary 
peaks. Due to the dynamic nature of these models there are occasions when constructive 
or destructive stress wave interference occurs resulting in the presence or absence of 
multiple force peaks, such as that seen in figure 9.7. 
Although the idealised geometry and linear elastic (non-lossy) material models 
may be contributing to flexural behaviour seen in the figures above, some dynamic 
flexure is probably also present in a real mouthguard as well. But to what extent it truly 
influences the protective mechanisms will need further exploration. Moreover the stress 
waves propagating through the substrates show an important dynamic effect not 
accounted for in most models in the literature. Because of the idealised material 
properties and geometry these effects cannot be expected to occur in a similar manner in 
reality, but nevertheless stress wave propagation and rebound will be present and should 
be taken into account. 
Figure 9.13 and 9.14 show the axial stress profiles for the central substrate 
protected by 3 different supported and unsupported guard layers of various moduli (100 
MPa, 1000 MPa, and 10000 MPa). 
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Figure 9.13 Axial stress profile of substrate at peak Figure 9.14 Axial stress profile of substrate at peak 
stress state for three different supported guards stress state for three different unsupported guards 
It is clear from both figures that the peak axial stress in the substrate occurs 
directly under the impact site, 0.8 cm away from the edge. Furthermore, there is little 
difference between the axial stress profiles in the central substrate for the unsupported 
and supported guards. The distribution of stress becomes wider with layer modulus. For 
the 100 MPa layer the stress reaches zero before 0.2 cm from the edge. The 1000 MPa 
layer spreads the load a little further, with axial stress reaching zero at approximately 
0.1 cm from the edge, and the most rigid layer, 10000 MPa (10 GPa), manages to 
achieve a distribution of stress across the entire substrate surface. The peaks and 
discontinuities visible are considered insignificant and probably due to the sharp change 
in mesh density around this region. 
It is probable that this increased spreading of the load by a more rigid layer is 
what achieves the reduction in stress and displacement in the central substrate protected 
by unsupported guards. Further explanation of this important point relating to the 
spreading of load by more rigid layers will be given when the same data is presented for 
an alternative big-soft impact later. 
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9.4 Summary 
The data seen so far shows evidence of the support and cushioning mechanisms 
under dynamic conditions. The cushioning mechanisms offers effective protection when 
the substrate modulus is lower than the guard layer modulus, and the support 
mechanisms provides protection when the guard layer is more rigid than the substrate. 
The difference in the normalised results from figure 7.12 and the results from the 
dynamic model cl can be explained in terms of the difference in substrate moduli. 
However, in this analysis, the support mechanism does not function as expected, 
but in fact seems to have more than one component. Clearly the layers more rigid than 
the substrate are protecting, but they can do this in the presence of a support substrate or 
without. Thus it is probable that under these impact conditions the principal protection 
provided by the guard is a result of its local response rather than distributing momentum 
or energy by extending over neighbouring substrates. 
The static support mechanism described in chapter 8 functions by spreading the 
load over adjacent teeth (cantilevers). This I will describe as extended support, which 
cannot operate in the small hard impact case as the loads are not transferred to the 
supports until the main impact is over. Instead, a local form of this support mechanism 
provides protection. A more rigid layer will deform less, and so spread the load over a 
wider area of the central substrate. This lowers the maximum axial stress at the centre, 
at the expense of raising the stress slightly elsewhere as illustrated in figure 9.13 and 
9.14. 
There is also a dynamic support mechanism operating. This occurs because 
energy is stored as vibrations of the layer during the impact, and is eventually given 
back to the central substrate or support substrate after the impact is over. As the layer 
modulus increases, so does the speed of the stress wave 
c= /p (9.4) 
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where c is the stress wave velocity, E is the modulus, and p the density. The higher 
stress wave velocity, the further the wave travels, involving more of the layer. With a 
larger mass of the layer responding to impact, the impulse, stress, and displacement are 
all reduced. Hence, like the extended support mechanism, the dynamic support becomes 
more effective as the layer modulus increases. 
However, before any conclusions on the multiple components of support can be 
made (extended, local and dynamic), an alternative impact will be considered. Because 
in the examples analysed so far in this chapter the impact duration was too short for the 
extended support mechanism to function adequately, the impact conditions were altered 
to increase the impact duration. The following sections use a big-soft impact 
configuration which represents a very different type of impact. 
9.5 Big Soft Impacts 
In the previous analysis, the impact duration was so short that the impact was over 
before the guard layer could respond. The extended support did not occur quickly 
enough to protect, and thus support was provided by a combination of the dynamic 
mechanism (in which some of the energy is stored as vibrations of the layer and later 
released) and the local support mechanism (in which stress was spread over the width of 
a single `tooth'). Therefore the FE model was adjusted to produce a longer impact over 
a larger area by using a larger softer sphere. 
Initially an attempt was made to keep the kinetic energy of the different impacts 
the same, but the presence of anomalous and undesirable model behaviour resulted in 
the decision to use the sphere properties listed. Therefore the model data is not directly 
comparable in terms of magnitude of forces, and stress etc. Instead, only the general 
trends must be considered. 
In contrast to the small-hard impact examined so far, the big-soft impacts are 
expected to be conducive to very different injuries such as sub-marginal fracture, which 
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involve fracture initiation from a tensile region developing due to constraints and 
embedding of the tooth. They are also conducive to more serious injuries involving the 
sockets and jaws. Accordingly, the risk of these injuries can he represented by 
displacement and force, as discussed in chapter 8. Although contact fracture is less 
likely to occur it cannot he ruled out and hence axial stress data is also considered. 
Figure 9.15 shows a diagram of the big-soft model geometry. 9.15a shows the 
model. EI, including both protective mechanisms cushioning and support. and figure 
9.15b shows the geometry with lowered support for exploration of the cushioning 
mechanisms only. The geometry of the substrates and guard layers are the same as seen 
previously, but the impactor is much larger. 
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The final material parameters used for the models El and Fl are summarised in 
table 9.2 below. They can also been seen in the MAZE file (input code for the model El 
with annotation describing the variants seen) included in appendix 7. 
Sphere Guard Massive Block Substrate 
E: 100 MPa E: Varies E: 1 GPa E: 1 GPa 
v: 0.23 v: 0.35 v: 0.3 v: 0.23 
p: 1000 kg m p: 1000 kg m-3 p: 1x10 kg m" p: 1850 kg m' 
Table 9.2 Material Properties of model El and F1 
Equations 9.5 to 9.7 show the kinetic energy calculations for the new sphere 
properties. 
Volume of large sphere: 3 ir(0.0125 m)3 = 
8.2x10-6 m3 
Mass of large sphere: 8.2 x 10-6 x 1000 kg m'3 = 8.2 x 10-3 kg or 8.2 g 
Kinetic energy of large sphere: 2 
(8.2 x 10-3 )202 = 1.66 J 
9.6 Results and Analysis of El and F1 
(9.5) 
(9.6) 
(9.7) 
Figure 9.16a shows the force time histories of both the central substrate and the 
support substrate when positioned at the same level (E1), and the force time history of 
the central substrate when unsupported (Fl). Figure 9.16b shows again the force time 
profile for the central substrate when protected by a1 GPa layer in model cl. The total 
loading duration, magnitude of forces and contact diameter are all higher for the big-soft 
impact compared with the small-hard impact of the same 1000 MPa layer because of the 
higher impact energy. 
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Figure 9.16 Force time histories for central and support substrates covered by aI GPa guard layer (a) model EI 
and F1 and (b) model cl (reproduced from figure 9.7) 
A comparison of the plots in figure 9.16a shows that for the supported guard layer 
there is a significant reduction in momentum transferred to the central substrate 
compared with the unsupported guard layer. The peak stress state in the central substrate 
for El and F1 occurs from170 µs to] 80 µs, and the peak displacement occurs at 170 µs 
as highlighted by the broken vertical lines. 
The impact with the small sphere and the large sphere both show a similar delay 
of approximately 25 µs before the support substrate takes up any of the load. However 
in figure 9.16b this time difference between the peak force on the support substrate and 
that on the central substrate is much more significant, with the support experiencing its 
peak only when the central substrate is beginning to show unloading. On the other hand 
figure 9.16a shows both the support substrate and central substrate experiencing a peak 
force at approximately the same time, and the unsupported case also showing peaks at 
the same time. The relationship between the force time profiles for the support substrate 
and the times when the peak axial stress, displacement and force are reached can help 
identify the most effective components of support. As already stated, figure 9.16b 
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shows the peak axial stress, displacement and force occurring before any significant 
loading on the support has occurred and hence the only effective components of support 
are dynamic and local. However, figure 9.16a shows a much greater distribution of 
momentum to the support before the axial stress and displacement peaks have been 
reached as a result of the extended support which is also protecting in this case. 
An additional point to note from the figure 9.16a is the time at which the loading 
of the support substrate finishes; approximately 50 µs before the loading of the central 
substrate finishes. This is unexpected, particularly because it shows a delayed initial 
loading compared with the central substrate. A similar duration of loading was expected 
for both substrates but in fact the loading duration on the support substrate is shorter. 
ORION was used to investigate this feature and provided a straightforward explanation. 
Figure 9.17 shows the relationship between the guard layer, the corner of support 
substrate, and the corner off the central substrate towards the end of the impact at 
275 is. The flexural behaviour of the guard has caused separation between the support 
substrate and the guard layer, and thus there is no load on the substrate at this time. 
Figure 9.18 and 9.19 show the distribution or profile of axial stress along the 
substrate surface during the peak stress state for three different modulus guard layers. 
Figure 9.17 Mesh of model El for With aI GPa layer at 275 µs, which shows the separation 
between the guard layer and support substrate. 
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By comparing the supported (E1) and unsupported (F1) data in figures 9.18 and 9.19 
respectively, it is clear how the local and extended components of the support 
mechanism behave, and considering this data in relation to the same data for the small- 
hard impact in figure 9.13 and 9.14 gives a clearer idea of how the data can identify the 
effectiveness of these mechanism in protecting the substrates (teeth). 
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Figure 9.18 Axial stress profile for supported guard 
layers of various moduli 
Figure 9.19 Axial stress profile for unsupported 
guard layers of various moduli 
The axial stress profile across the substrate surface when covered by three 
different supported guards is shown in figure 9.18. The peak stress for the 1000 MPa 
guard is actually seen at 0.6 cm from the edge, but this brief deviation from the 
underlying trend is probably numerical noise attributable to the mesh density change in 
this region. Disregarding the anomalous value, the peak stress occurs at 0.8 cm from the 
edge, on the axis of symmetry, and directly under the centre of the impact. The 1000 
MPa guard shows the highest peak stress, and the narrowest profile of axial stress, 
which exhibits a reduction in the magnitude of stress to zero at 0.2 cm from the edge of 
the substrate. This was unexpected because the local rigidity of the 1000 MPa layer was 
expected to produce a broader distribution of stress compared with the 100 MPa layer, 
as seen for the small hard impact in figure 9.16. This anomaly will be explained shortly, 
but first the differences between the supported and unsupported data will be highlighted. 
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The unsupported guards (figure 9.19) exhibit different axial stress profiles on the 
central substrate compared with the supported guards (figure 9.18), in contrast to the 
same data for the small-hard impact which exhibit very similar profiles for the two 
cases. For the unsupported guards the highest peak stress occurs with the 1000 MPa 
layer, followed closely by the 100 MPa layer, but significantly, the axial stress does not 
reduce to zero before the edge of the substrate, as a result of the lack of supports, and 
presumably the wider contact area. In the case of the most rigid layer the axial stress 
profile remains almost constant across the entire width of the central substrate, showing 
uniform distribution of the load which can be attributed to the layer deforming equally 
across the surface, but also because of the larger contact diameter. The `local' support 
mechanism is the ability of the guard layer to withstand local deformation and thus 
deform fairly uniformly across an area allowing an equal distribution of load across the 
substrate surface. However, for big-soft impacts the deformation and nature of the 
impacting object also causes a wider distribution of load and should be considered when 
analysing the data. 
An exaggerated diagrammatic comparison of the supported and unsupported 
models which shows why the reduction of axial stress occurs earlier for the supported 
rather than the unsupported model is shown in figure 9.20. In figure 9.20a the 
exaggerated geometry of the deformed model El is shown, and in figure 9.20b the 
geometry of Fl is shown. In figure 9.20a contact is prevented between the guard and the 
substrate at the edges by the presence of the support substrates, which causes the axial 
stress to reduce to zero. However, in figure 9.20b the removal of the supports means the 
guard layer is in contact all the way along the substrate surface. This behaviour is not so 
apparent for the small hard impact, i. e. the stress profile of the most rigid layer does not 
remain constant, probably as a result of the small contact area relative to the central 
substrate area. Nevertheless the more rigid the layer the wider the distribution of stress 
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(figure 9.13 and 9.14), which is not the case for the supported data of figure 9.19 
because of the wide contact area as shown next. 
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Figure 9.20 Exaggerated geometry of model at peak stress state for (a) EI and (b) FI 
Figure 9.21 and 9.22 show the axial stress throughout the whole model El. Both 
figures are plotted with the same scale of fringe values. Figure 9.21 shows the model 
with the 100 MPa guard, and figure 9.22 shows the model with the 1000 MPa guard. 
Note there are three divisions in guard layer visible from the figures. This is a special 
case of the 3 lamina guard to be described in the next chapter, but in this case each of 
the laminae have the same elastic modulus. The results with the I GPa 3 lamina guard 
were compared to the results from a single lamina I GPa guard and found to he almost 
exactly the same. However it was more convenient to work with the 3 lamina geometry. 
c326. - ýnýR lpla tee tI,. 'b 9 . pýFrrn/! r 
Rine- 0. L79B? E+03 Pring"a / ax 1a1 "tr ýý" 
dri - 0.10000E-O1 
1.5$ "9 
. 
90E-81 
4 
33E-04 
6TE-O3 
... 
RRPIT, 
9 
33E-01 
67E-P' 
s. R1naReRaReR 
aeaenaneaea_. 
nr7 .1r. 
rrr 
Figure 9.21 The distribution of peak axial stress Figure 9.22 The distribution of peak axial stress 
(arbitrary DYNA2D units) in the model El protected (arbitrary DYNA2D units) in the model EI 
by a 100 MPa layer protected by a 1000 MPa layer 
The higher peak stress is visible in figure 9.22 with the more rigid layer. What is 
also evident from these pictures is the amount of deformation that occurs in the 
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100 MPa layer. This extra deformation (cushioning) is causing the load to be spread 
across a wider area, which results in the broader stress profile seen in figure 9.18. It is 
important to be aware of this observation when assessing the same data in future, 
because for the big soft impact a broad axial stress profile does not necessarily show 
`local' support. 
Next the general data on impulse, peak axial stress, peak displacement and PIF 
will be discussed. 
Figure 9.23 shows peak axial stress in the central substrate against layer modulus 
for supported (El) and unsupported (Fl) guard layers. The data shows the same trend as 
seen under the small-hard impact conditions. There is no significant difference in the 
peak axial stress on the substrate for either the supported or unsupported guards. The 
central peak is at approximately 1000 MPa in both cases, with equal reductions in stress 
occurring for an increase or decrease of modulus from this value in both plots. 
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Figure 9.23 Peak axial stress in substrate vs E 
Because there is no reduction in axial stress for a supported guard layer compared 
with an unsupported layer, it is clear there is no effect on the peak axial stress (at the 
centre) by the extended support mechanism, which is confirmed by similar central 
stresses of both plots in figures 9.18 and 9.19. However these figures show that the 
extended support does reduce the axial stress towards the edge of the central substrate, 
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and so the PIF would be expected to be lower, which indeed it is, as shown in figure 
9.24 next. 
In Figure 9.24 a comparison between the PIF in the central substrate when 
covered by a supported guard layer (El, black plot), and when covered by an 
unsupported guard layer (Fl, red plot) is shown. The difference between the support and 
unsupported plots is clear. The support plots exhibit a central peak with a reduction in 
force for an associated reduction in layer modulus below this peak, and a reduction in 
force for any increase in layer modulus after this point. This appears to be the action of 
the two general protective mechanisms; cushioning for soft layers and support via the 
surrounding substrate for stiff layers. However, for the unsupported guards there is an 
initial increase with respect to layer modulus. until approximately 1000 MPa. In this 
region the data shows some inconsistency with what was expected, and a shallow dip is 
prominent. Several additional, intermediary guard layer moduli were modelled around 
this region to confirm the presence of this feature. 
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Figure 9.24 Peak impact force vs E 
Under small-hard impact conditions all supported and unsupported data exhibited 
similar trends, and not the distinction between the two plots seen in figure 9.24. 
However in figure 9.24 when extended support is present there is a significantly lower 
/V\ 
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PIF of the central substrate when covered by more rigid layers, which is probably 
caused by the reduction of the stresses towards the edge of the substrate by the extended 
support mechanism. Hence the extended support can be seen to offer some protection 
from force related injuries under big-soft but not small-hard impact conditions. 
According to the standard formula F= ma, the force is expected to rise with an 
increase in acceleration, as was seen in figure 9.4. In cases with rigid guards there is a 
much higher deceleration than for guards of a low modulus, thus a higher PIF is 
expected. Although the data in figure 9.24 shown for unsupported guard layers is 
broadly rising, there is a slight reduction seen for layers with moduli of approximately 
1000 MPa, which could be due to one or more of a few things. 
Under certain circumstances the elastic stress waves produced in a collision will 
propagate, rebound and meet in a manner that will slightly increase or decrease the 
force, stress and displacement. The behaviour is controlled by the body's natural 
frequency of vibration, which in linear elastic materials is highly dependent on their 
modulus or stiffness. The anomalous behaviour occurring for guards of around the same 
modulus as the substrate (figure 9.24) can be attributed to natural harmonic resonances. 
However this trend was not seen in the PIF data of the small-hard impacts, which 
suggests that it may be related to the effects of the low modulus sphere, particularly 
with the increased flexural behaviour identified earlier for guard layers without support 
and with extensive overhang. 
Figure 9.25 shows the peak displacement of the substrate when protected by 
supported (El, black plot) and unsupported guard layers (Fl, red plot). The same trend 
is evident for this displacement data as was seen for the PIF data in figure 9.24 which 
suggests the two quantities are related. If extended support is present there is a 
significantly lower peak displacement of the central substrate when covered by rigid 
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layers. This suggests that the support mechanism is playing a significant role in 
protecting against injuries caused by excessive displacement under these conditions. 
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Figure 9.25 Peak displacement vs E 
Having previously noted the disparity between PIF and displacement data under 
small-hard impact conditions, and attributed it to localised, dynamic response, it is clear 
that the longer contact duration (quasi-static), and wider contact area of the big-soft 
impact means the expected relationship between PIF and displacement is re-established. 
Figure 9.26 shows a comparison of the impulse data from the two models EI and 
Fl. The transfer of momentum to the substrate remains relatively consistent for all 
guard layers in model Fl (green plot). In a similar fashion to model cl, El shows the 
same reduction of impulse on the substrate as the impulse on the support increases. The 
increase in momentum transfer to the supports with increasingly rigid guard layers is a 
clear example of extended support. Although the effectiveness of extended support for 
small hard impacts was shown to be minimal, it is clearly of much more importance for 
big-soft impacts, which are of a quasi static nature. 
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Figure 9.26 Impulse on substrate and support for supported and unsupported guards 
Unlike the slight reduction due to momentum storage in flexural behaviour seen in 
figure 9.5, the most rigid guards here do not seem to be acting in the same way. This 
can be attributed to the increased duration and quasi-static nature of the big-soft impact 
which allows all of the momentum stored in vibrations to he redistributed by the end of 
the impact. 
9.7 Summary and Conclusions 
Because of the idealised nature of these models the contact durations have been 
very short. In reality there are a number of factors that may increase the duration of 
contact, many of which are discussed in chapter 3. However these are more important 
for big-soft impacts where they can influence the structural response in time to alter the 
outcome of the impact. Small-hard impacts which are expected to produce fracture by 
contact stresses rather than by displacement are probably at the shorter end of the 
impact duration spectrum, and hence the impact is less likely to he influenced by any 
particular structural behaviour. Although it is still unclear what specific loading 
conditions result from impacts in reality, there is no evidence that behaviour under the 
conditions modelled produce responses not to be found in reality, and therefore the 
mechanisms of protection and model behaviour are valid within the justification of the 
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modelling assumptions. With more data on reality, simple FE models such as these can 
be altered easily allowing conditions such as the loading duration to be matched. 
Several sets of data have been used to evaluate the effects of two different impacts 
in an idealised, dynamic, multiple substrate model of the dentition protected by 
monolayer guards. The modelling of dynamic behaviour (such as the increase in impact 
force and contact stresses with modulus) which do not appear to have been considered 
in the literature has brought into focus the effectiveness of the two proposed protective 
mechanisms (cushioning and support). It is now apparent that there are three 
components to the protective mechanism of support, namely extended, dynamic and 
local. The cushioning mechanism behaves as predicted. 
It is clear that any consideration of a single physical parameter on its own (for 
instance stress) as an indicator of guard performance would be seriously flawed, even if 
the geometry and material models were more realistic than used in this investigation. 
For instance, if both unsupported and supported guards were thought to produce similar 
levels of peak stress, as several figures in this chapter show, it could result in a very 
wide range of mouthguards being manufactured, several of which could actually 
increase the likelihood of injury. 
The support mechanism has been shown to consist of three components, all of 
which are reliant on the same rigid behaviour of stiff guards to spread the load, although 
they accomplish it in different ways. The `local' behaviour of the rigid guards allow 
them to resist deformation and thus spread the load more evenly across the substrate 
surface. The more `extended' behaviour relies on neighbouring substrates being present 
to be able to redistribute energy and momentum away from the substrate. The 
`extended' component of support has been shown only to protect for impacts that 
involve relatively long contact durations, and thus allow a significant amount of 
momentum redistribution before the peak displacement is experienced in the substrate. 
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Under both impact conditions the peak stress in the substrates was unaffected by 
the presence of neighbouring supports. Considering that peak axial stress is an indicator 
of the particular injuries caused by contact stresses it is clear that the global aspect of 
support can have no bearing on these injuries, but only on those injuries which result 
from stresses developing in the sockets or roots of the teeth as a result of displacement 
or force. Consequently the risk of them occurring is measured by displacement or force 
rather than stress in this work, which `extended' support has been shown to affect. 
Because of the simplified geometry of the model, and specifically the guard layer, 
the flexural behaviour was closely scrutinised to assess its validity and influence on the 
support mechanism. Flexural behaviour has been identified in the idealised models 
presented, and in short duration, fully dynamic impacts can be considered as `dynamic' 
support. Impulse has been shown to indicate `extended' support, and is used to quantify 
the momentum transferred to the supporting substrate. 
Dynamic stress wave propagation is the mechanism behind flexure as seen in 
these models. The rebound of stress waves within the models can result in constructive 
or destructive wave interference between contacting bodies, and thus some inconsistent 
peaks later in the force data. But it does not significantly alter the results. 
The models analysed and developed throughout this chapter have been validated 
in relation to cantilever beam behaviour in chapter 6 and 7. The data used for comparing 
different guards is considered appropriate and correct within the limitations of the 
models. The work has shown that rigid and flexible guard layers both possess good 
properties for protection. However, it is important to highlight one facet of rigid guard 
behaviour not yet considered, which provides the motivation for the FE experiments in 
the next chapter. 
The behaviour to note is related to the geometry of the models and the real 
system. The surfaces in the models used are perfectly flat and therefore the guard layer 
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and the substrate surface `fit' each other exactly. This would be the ideal case for 
mouthguard manufacturers. However the reality of the process used for constructing the 
guards, their short lifecycle and the natural variation in teeth, suggest that fit will vary, 
especially after the device has been used for some time. This is discussed at length in 
chapter 4, and some experimental evidence is presented in chapter 7. In cases where 
there is a small irregularity present on either guard or substrate surface there would be a 
considerable increase in stress at this region because of the reduced surface area, 
particularly if the guard layer was very rigid. 
The protection offered by rigid guards seems to warrant their use but if, in reality, 
they may lead to high contact stresses, then this would be unwise. In the next chapter 
the possibility of preventing this by combining the cushioning properties of the soft 
layer with the supporting properties of the rigid layers is investigated. This also attempts 
to address the issues highlighted in chapter 7 which relate to the poor user comfort of 
rigid guards. 
In the current climate of mouthguard research there are still relatively few 
standards that dental technicians are required to meet when producing the guards. Part 
of the objective of this work has been to provide some insight into the development of 
such a standard. It clearly requires a detailed understanding of guard behaviour. This 
requires any FE models to be fully interrogated for as much information as possible, in 
case any data is misleading. In conjunction with fully understood and controlled FE 
models, their broad validation is also paramount. This was accomplished for the models 
shown in this work by using physical models such as the artificial jaw, the in vivo 
methods, and cantilever work described in chapter 6 and 7. A detailed broad 
understanding of these complementary techniques may then lead to a method for 
deriving, comparing and assessing mouthguard standards. 
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10 Laminate Guards 
10.1 Introduction 
The logical extension to investigating the two distinct protective mechanisms 
(cushioning and support) was to combine them, taking advantage of both of their 
protective capabilities and to try and find a solution to the conflicting material 
requirements. There have been numerous mouthguard designs `tested' and published, 
each one with some variation on the classic design, (see chapter 4 for a detailed 
discussion of these). A promising design is the laminated guard, which has received 
relatively little attention, possibly because the behaviour of a single layer was not 
clearly understood. Combining the properties of the support and cushioning 
mechanisms by laminating soft and hard materials together promises to maximise the 
benefits of mouthguards to the user, as long as any changes do not affect the comfort of 
the guard, or less significantly, alter the required manufacturing techniques. 
Manufacturing methods will become more important when mouthguards are understood 
fully. Then the correct materials can be selected and the most efficient way of producing 
them can be determined. In this chapter the protective mechanisms in laminated guards 
will be assessed, and discussion of issues related to wearability will be left for the final 
chapter 11. 
The parameters used to analyse the guard over the past two chapters (force, 
duration, impulse, peak axial stress, stress distribution and displacement) have each 
revealed important aspects of behaviour that can be used to evaluate idealised, mono- or 
multi-layer mouthguards using the FE method. Peak axial stress, peak displacement and 
force have been assumed to represent risk of three different injury types, and thus the 
data can be used to evaluate the overall protective capabilities of the guards. 
From an examination of the axial stress profiles in the previous chapter, `local' 
support (the rigidity of the guard and its ability to withstand local deformation) was 
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apparent by a wider axial stress distribution on the central substrate surface. However, 
the width and magnitude of axial stress can also be affected by contact area and 
`extended' support and cushioning. Using the unsupported data made the identification 
of the different components of support possible, but true behaviour needs to be 
investigated when both mechanisms and all components are present. The effectiveness 
of the respective components and mechanisms under these circumstances is not as easy 
to identify, and the interference of one another on the expected trend must always be 
considered. 
10.2 Laminate Configurations 
There are numerous possibilities that could be applied to laminate guards and thus 
for any type of reasonable analysis to be undertaken there must be some investigative 
boundaries defined. Since identifying the predicted protective mechanisms of 
cushioning and the multiple components of support it has become clear that each is 
associated with either a stiff or a compliant material. In order to limit the number of 
possible laminated guards that can be tested, only two layer moduli have been selected: 
100 MPa and 10 GPa. These represent the opposite characteristics of `soft' and `hard' 
materials. As with other sections of this FE investigation, developmental iterations were 
carried out. However because of the increasing success of the model throughout this 
work, at this stage there was little that was altered. There were some mesh failures noted 
for particular set-ups with thin 10 MPa guard sections and thus the slightly higher soft 
modulus was selected. 
When conducting an investigation into guards of multiple laminae there are many 
variables of importance, as will become clear shortly. Primarily these relate to the 
interaction of the different laminae. Although the material properties have been limited 
to two types, when varying the number of laminae and their thickness there can be 
numerous configurations (a generic term encompassing all of the guard features 
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including material properties) employed, characterised by several different parameters. 
To limit the experimental variables the orientation of the laminae have been confined to 
the horizontal position as shown in figure 10.1 a, as opposed to the vertically orientated 
position in 10.1b, and the overall thickness of the laminate guard is also restricted to 
4 mm. Initial results and work from the literature suggested this was a reasonable 
thickness for a general guard. Nevertheless there are still a significant number of 
different guards that can be constructed. 
a b 
I1 11 
Figure 10.1 Orientation of laminae (a) horizontal and (b) vertical 
Primarily there are 3 additional ideas to consider after those already mentioned 
(material properties, orientation, and overall thickness) have been accounted for. Two 
are interdependent: lamina thickness and the number of laminae; the third, distribution, 
defines where the respective laminae will be in relation the impact object and protected 
surface. 
A laminate structure must have two or more laminae or layers. Because the 
overall thickness of the model guard layer has been limited, as the number of laminae 
increase they decrease in thickness, and as their number are reduced their thickness 
increases. A laminate mouthguard of different modulus laminae can thus be considered 
in terms of its composite modulus. Equations 10.1 and 10.2 show two simple variations 
of composite behaviour, which define the composite modulus in terms of the volume 
fraction and modulus of the constituents. They have also been used to describe the 
composite behaviour of bony tissues by Katz 1971, and Piekarski 1973 as discussed in 
section 2.10. Equation 10.1 represents a model for homogeneous strain, or otherwise the 
well-known rule of mixtures. In this case it is assumed that each of the materials within 
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the composite are equally strained. Equation 10.2 represents a model for homogeneous 
stress, and in this case it is assumed that each material is equally stressed. 
Ec = EIV + E2V2 + E3V3 t- -º 
= EEiVi -ýº (10.1) 
1_ Vj 
+ 
VZ 
+ 
V3 
Ec E, E2 E3 
V 2: i (10.2) = 
It should be clear that these models represent an idealisation where the whole 
structure is being equally strained or stressed, and only incorporates volume fraction 
and modulus data. Perfect bonding between the laminae is assumed, similar to bonded 
behaviour in FE models. However, the fact that real loading will be unevenly 
distributed, and the distribution of the laminae will have an effect on stiffness is not 
taken into account. It is clear that neither of the respective loading cases (equal strain or 
equal stress) will be applicable because of the nature of impacts. Nevertheless it 
provides a first approximation for comparing mono-layers to laminates, and hence 
addresses a key issue: can a laminate guard outperform a mono-layer guard. 
Theoretically a ten lamina guard with a 50/50 volume fraction will have the same 
composite modulus as a two lamina guard with a 50/50 volume fraction of the same 
materials. Moreover, as the number of laminae increase, the behaviour of the layer will 
approach that of the mono-layer with the same composite modulus. In practice however, 
a mono-layer and bi-layer of the same composite modulus will behave very differently 
from one another. During this chapter the similarities and differences in behaviour 
between mono-layers and multi-layer guards will be investigated. 
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Two types of laminate guards were selected to make the investigation 
manageable: these were bi-layers and tri-layers, layers of two and three laminae 
respectively. Practically, multiple laminae of the same material are often used in 
mouthguard construction because it reduces the chances of excessive thinning ruining 
the guard, but more recently some authors have considered different lamina moduli in 
the same guard (Bulsara & Matthew1998, Kim & Mathieu 1998, and Patrick et al. 2002 
). Using more than three laminae is still possible, but it is hard to control the drawing 
and thinning from a small initial thickness. Moreover, there is an almost infinite number 
of thicknesses that can be tested if the number of laminae are not controlled, considering 
that in a finite element model there is no limit to the precision of the dimensional 
measurement. However, although very thin laminates are possible to model 
theoretically using the FE technique and appropriately dense meshes, in practice 
convergence can be difficult. 
Having chosen only two materials to include in the various guard configurations, 
the bi-layers and tri-layers, they can have their hard and soft laminates distributed in 
various ways to represent four possible designs. Alternating the impacted surface and 
the surface in contact with the substrate for either laminate distribution achieves the 
designs listed below. 
Bi-layer: Hard upper-Soft lower (H-S) or Soft upper-Hard lower (S-H) 
Tri-layer: Hard upper-Soft middle-Hard lower (H-S-H) or Soft upper-Hard 
middle-Soft lower (S-H-S) 
Decisions were made regarding the most appropriate types of laminate thickness 
to use. Because the model represents a 2D axisymmetric layer, there are only two 
dimensional parameters: guard radius (as defined by the substrate size) which remains 
constant, and depth. Thus the overall volume fraction is defined solely by the depth or 
thickness of the laminae. For the bi-layer models, three layer volume fractions were 
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chosen which correspond to a total thickness of 4 mm as listed below, with each having 
two alternative distributions (hard upper on soft lower and vice versa). This gives a total 
of six bi-layer guards that can be tested under small-hard and big-soft impact 
conditions. 
91 mm hard lamina -3 mm soft lamina (25/75, H-S and S-H) 
"2 mm hard lamina -2 mm soft lamina (50/50, H-S and S-H) 
"3 mm hard lamina -1 mm soft lamina (75/25, H-S and S-H) 
In addition to the bi-layers, three tri-layers were selected with corresponding 
ratios, which allowed a comparison of the two types of laminate structures (bi-layer and 
tri-layer) based on the same volume fraction of material. Two tri-layer volume fractions 
incorporate 3 mm of one material and 1 mm of the other (25H/75S & 75S/25H), and the 
other incorporates 2 mm of each (50/50) as the bi-layers do. Clearly a tri-layer with the 
same material volume fraction as a bi-layer must have the laminates distributed in a 
different way, analogous to a sandwich beam'. Two laminate tri-layer configurations 
were chosen: one where the central laminate is thicker than the outside two (50/50), and 
one where it is thinner (75/25 & 25/75). 
" 1.5 mm -1 mm - 1.5 mm (75H/25S, H-S-H) 
" 1.5 mm -1 mm - 1.5 mm (75S/25H, S-H-S) 
"1 mm -2 mm -1 mm (50/50, H-S-H and S-H-S) 
Only the 50/50 configuration was successfully altematived H-S-H and S-H-S. 
When this was attempted for either of the 75/25 volume fractions the alternative 
1 Very popular in the construction industry, although rarely are they exposed to transient loads. 
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distributions meant having a 0.5 mm thick lamina on the outside, which resulted in 
mesh failure. 
In order to identify easily the various models throughout this chapter, the 
identification key used earlier has been extended to include bi-layer and tri-layer 
volume fraction variations. The first initial is the sequential identifier of the model, as it 
has been so far, and the case sensitivity represents the impact conditions (upper case = 
big-soft, lower case = small-hard). In addition to this the lamina distribution and 
material properties are represented by H (hard, 10 GPa) and S (soft, 100 MPa), with a 
numerical subscript character denoting each lamina thickness. The first lamina 
identified in the key is always the upper, the second in a bi-layer case, the lower. For a 
tri-layer case it is the same except there are a sequence of three laminate identifiers: 
upper, middle, and lower respectively. 
The support model from cl was used to compare the guard performance, and an 
attempt was made to compare the laminate guards with the original mono-layer guards 
by means of the composite modulus predicted from equations 1 and 2. The composite 
moduli mono-layers (some of which have already been used in previous chapters) are 
Mono-layers Bi-layers Tri-layers 
E, for Ec for 
Homogeneous Homogeneous 
stress strain 
I mmH-3mmS 
133 MPa 2575 MPa 3 mm S-1 mm H 
1.5 mm S-1 mm H-1.5 mm S 
2mmH-2mmS ImmH, 2mmS, 1mmH 
198 MPa 5050 MPa 2 mm S-2 mm H 1 mm, S, 2 mm 11,1 mm, S 
3 mmH- 1 mm S 388 MPa 7525 MPa 1mmS-lmmH 1mm H-ImmS-ImmH 
Table 10.1 Mono-layers, bi-layers and tri-layers tested 
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outlined along with the laminate guards tested in table 10.1 below. However results 
from these models are not given until section 10.8. 
The following results are divided into sections depending on their impact 
conditions (big-soft or small-hard) and layer type (bi-layer or tri-layer). Section 10.3 
describes the results of the bi-layers, and 10.5 describes the results of the tri-layers. The 
results are considered with respect to the protective mechanisms identified (cushioning 
and support) and their affect on peak displacement, peak axial stress, and peak force. 
Figure 10.2 shows the model used and incorporates a key for diagrammatic 
identification of the various guard layer constructions. 
Represents multiple laminae: --------------- 
(guards may consist of 2 or 3 
laminae in any configuration 
10GPa 
specified) 
Substrate surface: 
Support surface: 
Figure 10.2 Identification of surfaces used in results, and laminate properties 
There are two common types of graph in the remaining results sections. The first 
are force time traces with the dashed lines showing the total force on the support 
substrate, and solid lines showing the total force on the central substrate, as identified in 
figure 10.2. The second type are axial stress plots, with the stress always calculated on 
the surface of the central substrate. In both types of graph the colours distinguish 
between the different distributions of the laminae. For the bi-layers red signifies the soft 
lamina is in the upper position and black signifies the soft lamina is in the lower 
position. In addition to the force time data and axial stress data the peak u 
(displacement) results are also listed below the layer key at the top of each figure. 
221 
10.3 Bi-layers 
10.3.1 Big Soft Sphere Impacts of Bi-layers 
Figure 10.3 shows the force time histories of both the central substrate and the 
support substrate surfaces for alternative distributions of the laminae for a bi-layer with 
75 % hard, 25 % soft. There is very little difference between the force time histories of 
both guards. In both support plots there is evidence of dynamic flexure and elastic wave 
interference of the guard from the secondary peak. Both impacts have a similar duration 
but the H-S guard shows a slightly higher PIF as expected. There seems to be a slightly 
larger amount of impulse transferred to the support S-H guard (158929 N µs) compared 
with the H-S guard (150526 N µs), which suggests slightly better extended support from 
the lower rigid lamina. 
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Figure 10.3 Force time histories of the central and Figure 10.4 Axial stress profile on the central 
support substrates for alternative lamina distributions substrate of two alternative lamina distributions of 
of the 75H/25S hi-layer guard the 75H/25S hi-layer guard 
Figure 10.4 shows the axial stress profile across the central substrate for both of 
the guard configurations. The profile is taken at the time when the axial stress at the 
I- 
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centre has peaked (slightly different time for each substrate), as determined by ORION 
interrogation of axial stress with time. It occurs within a few microseconds of the time 
when the PIF occurs, and is consistent for both configurations. There is a larger 
difference between the peak stress values than there is for the PIF values, with the stress 
data showing an approximate 33% difference between peaks. Although the PIF is higher 
for the H-S guard, there is a lower peak stress on the substrate surface, which is 
accompanied by wider profile of stress and an 8% lower displacement. The plot with the 
narrow distribution of stress is a result of the rigid lower lamina and the resulting 
improved extended support, as identified in chapter 9 for big-soft impact conditions. 
Clearly the lower peak axial stress in the central substrate of model G2H3S1 is a result of 
the soft lower lamina cushioning the applied force. 
In the case of this bi-layer there is evidence (although not much) of better support 
for the S-H guard as shown by the larger area under the curve of the force time plot in 
figure 10.3. The wider axial stress profile produced for the H-S guard as shown in figure 
10.4 is probably a result of cushioning primarily but it is difficult to say because support 
from raised rigid lamina also produces similar results. The reduction of the axial stress 
profile to zero for the S-H configuration is probably a result of extended support as 
discussed in chapter 9. 
Figure 10.5 shows the same data as figure 10.3 but for a different volume fraction 
of the hard and soft laminae. In this case there is 2 mm of each material, and thus a 
50/50 volume fraction. The same two alternative distributions are used, in one case with 
the hard lamina on top and in the other with the soft lamina on top. Both central 
substrate PIFs are higher than their respective support substrate PIFs, both loading 
durations are approximately the same, and there appears to be slightly more momentum 
transferred to the support substrate with the S-H guard (S-H momentum transfer: 
111718 N µs vs. H-S momentum transfer 92259 N µs). 
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Figure 10.5 Force time histories of the central and support Figure 10.6 Axial stress profile on the central 
substrates for alternative lamina distributions of the substrate surface for two alternative lamina 
50H/50S bi-layer guard distributions of the 50H/50S bi-layer guard 
The distinction between the support substrate and the central substrate force time 
histories is more evident in both cases for these volume fractions than previously 
(75H/25S), which is a result of less rigid material and thus a less effective extended 
support mechanism. 
In figure 10.6 the same data is shown as in figure 10.4 but for the new 50/50 
volume fraction. The trends are also very similar to the results from previous layer 
configurations, with the higher peak stress occurring for the S-H guard. rather than for 
the guard causing the highest PIF (H-S). There is a 12.5% difference in PIF, a 3.3% 
difference in displacement, and a 30% difference in peak axial stress on the central 
substrate when protected by the two 50/50 configurations. 
As suggested previously the soft lower lamina appears to be cushioning. and 
although there is more support with the lower rigid lamina, it also increases the peak 
10 GI'a 
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axial stress in the centre. An important point to note in relation to this aspect of the layer 
behaviour is the concept of `fit'. These models are idealised because the surface of the 
guard parallels and conforms to the surface of the substrate. They are both exactly level 
and there are no irregularities present. It is safe to assume that any irregularity - likely in 
the real situation - would result in a much higher axial stress at the point of contact 
between the hard lamina and the substrate. Irregularities on the teeth are natural and a 
perfectly fitting guard would follow this geometry, but it is not clear how to measure 
and assess this morphological relationship and how it deteriorates with use. It is highly 
unlikely that current heat-vacuum methods of moulding guards over stone casts of the 
dentition could produce such an accurate relationship between the two surfaces. Hence 
the best option would be to use a soft lamina in contact with the substrate surface to 
minimise the locally enhanced peak contact stresses. 
The results for the 25 % hard, 75 % soft guard are shown next. Figure 10.7 shows 
the force time histories for the support substrate and central substrate when protected by 
two guards with the same volume fraction of material alternately distributed (H-S and 
S-H), and figure 10.8 shows the axial stress profile on the central substrate for the same 
guard layers. 
Figure 10.7 shows the support substrate and central substrate force time histories 
exhibit similar durations, and their peaks also occur at roughly the same time, as 
expected for the big-soft impact conditions. However, there is an even larger difference 
between the peaks of the support substrate and central substrate traces than seen for the 
two previous volume fractions. This is undoubtedly a result of less extended support 
due to the fact that there is only 1 mm of rigid material in the laminate guard. Once 
again there is a small increase in the PIF for the H-S guard, and also slightly more 
impulse distributed to the support by the guard with the S-H guard (81648 N µs vs. 
47362 N µs). This indication of extended support being more effective for a guard with 
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a rigid lamina in the lower position can once gain be linked to the reduction of axial 
stress to zero by 0.2 cm from the edge of the central substrate. 
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Figure 10.7 Force time histories of the central and Figure 10.8 Axial stress profile of central substrate 
support substrates for alternative lamina distributions surface for two alternative lamina distributions of the 
of the 25H/75S bi-layer guard 25H/75S bi-layer guard 
The axial stress distribution in figure 10.8 shows the peak stress values in the 
central substrate are quite similar for both guard configurations. The reduction of axial 
stress to zero for both guards occurs at similar regions to those seen for the previous 
guard configurations, 0.2 cm away for the edge with the S-H guard, and at the edge of 
the central substrate (0 cm) for the H-S guard. There is a 10% difference in the peak 
axial stress between the two 25H/75S guards, an 8%, difference in peak displacement, 
and a 16% difference in the PIF. 
The increase in axial stress and the high displacement for I2H1S3 compared with 
previous soft lower laminate configurations was unexpected. It appears that as the 
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thickness of the rigid lamina decreases the PIF rises along with the peak displacement 
and peak stress because there is less support. 
The poor protection offered by the two guard layers with a thin rigid lamina 
suggests that no matter where the rigid lamina. it is important that it is thick. 
10.3.2 Summary of Big Soft Sphere Impacts on Bi-layers 
Table 10.2 shows a comparison of the hi-layers tested under hig-soft impact 
conditions using the three parameters chosen to represent risk of different forms of 
injury. The comparison of the various hi-layer configurations has indicated a possible 
first choice (best) laminate guard for these impact conditions in G21i Sj. which 
performed best in 2 (peak it and peak a) out of three of the injury parameters. 
Most importantly for the big-soft impacts are those injuries that are common 
under this type of loading, namely root fracture and socket/111)1. damage. The 
representative parameters for these types of injuries are PII and peak it rrspectively. 
which G2S1H,, also performs well in. In general, contact stresses would probably iiOt be 
high enough under these impact conditions to cause crown fracture and hence the km 
peak axial stress for model G2HýSi and high peak axial stress for G2S11I; are Iýýý 
important. 
Guard PIF N Peak u cm Peak a \11'a 
( ,2H IS I 10 GºIa 
1040 0.0163 10.0 
G2SIII, M'1: 1191 
10 61'; i 
`15O 0.0176 15.2 
H2HS lu GI; t 1334 0.0203 13.4 
H2S41 LIA 1108 0.0210 19.2 
1214, S, 1594 0.0251 18.8 
12S, H; . (( 1338 
Table 10.2 Results of hi-layers 
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A number of general points can be highlighted: 
" Rigid upper laminae increase PIF, but in combination with soft lower laminae 
they reduce stresses. 
" Soft upper laminae increase contact time and reduce PIF by cushioning. 
" Rigid lower laminae increase stress but also provide slightly more extended 
support than when in the upper position which offers more protection for the 
big-soft impact. 
" Thin rigid upper laminae also result in a high PIF, peak axial stress and peak 
displacement of the substrate, because of the less effective support mechanisms. 
" The upper rigid laminae also resist local deformation, which under big-soft 
impact conditions increases the contact area by forcing the impactor to deform. 
Although the benefit of the extended support mechanism in sharing the load over 
the supporting substrate is maximised with the S-H configuration, the associated 
increase in axial stress, particularly when considering the effect of irregularities is 
important. The configurations that employ the cushioning of the soft lamina in contact 
with the teeth to reduce contact stresses appear more promising. Although the frequency 
of fractures initiating in the crown (i. e. direct contact stresses) as a result of big-soft 
impacts are low, hard mouthguards or laminae in contact with the teeth might increase 
these statistics. Alternatively, the use of a rigid layer in contact with the lips may cause 
more injuries to these tissues. More research is required in these areas before the 
designs are implemented. 
10.3.3 Small Hard Sphere Impacts of Bi-layers 
It is difficult to compare the big-soft and small-hard impact conditions 
quantitatively because of their different energies. Nevertheless, the primary differences 
expected between the loading conditions such as contact area, contact duration, and 
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impact stress levels are exaggerated rather than altered by the higher energy level of the 
big-soft sphere, and the trends in the data can still be genuinely compared. 
Figure 10.9 shows the force time traces for the support and central substrates in 
models j2H3S1 and j2SIH3, with the peak stress state and displacement states highlighted 
by the annotated vertical lines. The model j2H3Si shows a high peak force and short 
duration, as expected with rigid to rigid contact, whereas j2S1H3 shows a much lower 
peak force and longer duration. The support plots for each are also quite different, with 
the H-S configuration causing a double peak of force on the surface (which signifies 
increased flexural behaviour), and a slightly lower impulse (11929 N µs). In contrast the 
S-H configuration shows a slightly lower, single peak, a longer duration, and a little 
more impulse (12436 N µs). 
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Figure 10.9 Force time histories of the central and Figure 10.10 Axial stress profile of the central 
support substrates for alternative lamina substrate surface for two alternative lamina 
distributions of the 75H/25S bi-layer guard distributions of the 75H/25S bi-layer guard 
Figure 10.10 shows the axial stress profiles at the peak stress state on the central 
substrate in models j2H3S, and j2SIH3. Both peak stresses are fairly similar with a 7% 
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difference, but unlike previous examples the S-H layer produces a slightly lower peak 
axial stress than the alternative, possibly because the PIF is over 50% lower as a result 
of soft upper layer cushioning, but also partially as a result of local support from the 
lower hard lamina. The soft upper lamina is expected to deform markedly under impact, 
which concentrates the area loading the lower lamina, affecting the stress distribution. 
It has already been shown that extended support does not influence peak axial 
stress under small-hard impact conditions, but dynamic support does. Although the 
increased flexural behaviour and vibrations are present for the H-S distribution, the 
impulse transferred to the support substrate is less than for S-H distribution. It is 
difficult to distinguish how much momentum redistribution can be attributed to the 
dynamic support mechanism because of the influence of other factors, and thus no 
suppositions can be made on which distribution provides the best extended support, 
although it is probable that a larger volume fraction of rigid material will offer more. 
Both configurations show similar peak displacement values (1% difference) and 
peak axial stress values which suggests there is not much difference in the protection for 
injuries related to these parameters. Because peak axial stress is of the most concern for 
small-hard impact types, the significant difference between the PIF levels is less 
important. Nevertheless, if the crown resisted fracture under these conditions the root 
would be much more likely to fail with the H-S impact configuration according to the 
injury mechanics assumptions outlined in chapter 8. 
Figure 10.11 shows the force time histories of the next two models, k2H2S2 and 
k2S2H2. The H-S guard produces a higher PIF and shorter loading duration on the 
central substrate, with some flexural behaviour of the guard evident from the secondary 
force peaks on the support substrate, indicating dynamic support. The secondary peak is 
a little smaller compared to that seen in figure 10.9, presumably because of the smaller 
volume fraction of rigid material, which suggests less dynamic support. With the S-H 
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Figure 10.11 Force time histories of the central and Figure 10.12 Axial stress profile of central substrate 
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the SOH/SOS bi layer guard SOH/SOS bi layer guard 
configuration the PIF on the central substrate is 50% less, the loading duration is 50% 
longer, and the support substrate plot shows a loading pulse of approximately 80 µs 
with a single peak. With the H-S distribution the impulse on the support substrate is 
8438 N gs and with S-H distribution it is slightly higher at 9286 N µs. 
In figure 10.12 the axial stress distribution on the central substrate is shown for 
models j2H3S1 and j2SIH3. The highest peak stress is associated with the S-H layer, 
which is approximately 17% higher than the peak stress with H-S distribution which has 
a 50% higher PIF. For the S-H distribution the axial stress decreases to zero by 0.2 cm 
from the edge, compared with the much broader distribution of the alternative. When 
this is compared to figure 10.10 it is clear that the 2 mm thick rigid lower lamina is 
providing less local support (0.2 cm to zero) than the 3 mm rigid lower lamina (0.1 cm 
to zero) 
Figure 10.13 shows the force time histories of the central substrate and the support 
substrate for model 12H1S3 and 12S3H1. The rigid upper laminate produces a higher PIF 
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and shorter loading duration on the central substrate, and a small peak in the support 
substrate plot which could be caused by flexural behaviour. As expected the rigid 
lamina in the lower position allows the soft upper lamina to cushion the PIF, giving a 
smaller peak and longer duration of force on the central substrate, with a long shallow 
force time history on the support substrate. The small amount of momentum transferred 
to the support substrates suggests less dynamic support than previous examples with 
higher volume fractions of hard material. 
Figure 10.14 shows the axial stress profile on the central substrate for the same 
two models. There is much less local support emphasised in both plots by the narrower 
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Figure 10.13 Force time histories of the central Figure 10.14 Axial stress profile of the central 
and support substrates for alternative lamina substrate surface for two alternative lamina 
distributions of the 25H/75Sbi-layer guard distributions of the 25H/75S hi-layer guard 
profiles compared with those in figure 10.12 and 10.10. Again the peak stress is highest 
for the rigid lower distribution. 
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10.3.4 Summary of Small Hard Sphere Impacts on ßi-layers 
Table 10.3 shows a comparison of the performance of the bi-layers tested under 
small-hard impact conditions. It is difficult to choose an outright best guard under these 
conditions because a different guard is ranked first for each injury parameter. 
The lowest peak stress is achieved from model k2H2S2. It is interesting that 
k2H2S2 outperforms a similar layer, 12H1S,,, with a thicker soft lower lamina, by 
combining the good cushioning of the soft lower lamina with the thick rigid upper 
lamina. The lowest PIF is achieved by the other 50/50 model, k2S2H2. by cushioning the 
sphere contact and providing good local support. The lowest displacement is achieved 
from model j2SiH3, probably because of the thick lower rigid lamina. 
PIF is increased markedly by the presence of upper rigid laminae under both 
small-hard and big-soft impact conditions. However, under small-hard impact 
conditions it is reduced by decreasing the thickness of the upper rigid lamina, as 
opposed to the hig-soft conditions which shows an increase in PIF with rigid lamina 
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Table 10.3 Results of hi-layers under small-hard impart Conditions 
thinning. This feature is probably attributable to the activity of the extended support 
mechanism under big-soft conditions which is not effective during small-hard impact. 
0 Some general points to help aid the understanding of the behaviour of these 
layers are given below. 
9 Support is more effective with thicker lower rigid laminae, offering significant 
protection from all three injury types, but the best protection against increased 
displacement and PIP. 
9 PIF is increased with upper rigid laminae, although in this position the lamina 
can still offer some protection from contact stress injuries by spreading the load 
wider onto the lower cushion, allowing both laminae to complement one another. 
" Under small-hard impact conditions the displacement is reduced primarily by 
local support, but also aided by dynamic support. 
10.4 Stress Concentrations due to Irregularities 
Before a full comparison of the guards is possible the effect of irregularities 
raising stresses, particularly with a hard mono-layer or with a hard lower lamina, must 
first be described in more detail than has previously been provided in this work. 
To highlight the importance of this issue, an irregular surface was created in the 
current model as shown in figure 10.15 The central substrate was lowered 0.5 mm and 
1 mm in two separate simulations to create an effective irregularity at the corners of the 
support substrate. Once again, as stated already, the appearance of three separate 
laminae in figure 10.15 and 10.16 do not mean a sandwich tri-layer has been modelled, 
but in fact the upper two laminae possess the same properties and the whole guard 
behaves as a bi-layer. 
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Offset central 
substrate 
Figure 10.15 Irregular surface of multi-substrate model. 
Two alternative layer configurations that have already been used previously were 
selected for this model. The 50/50 bi-layer with H-S and S-H were incorporated into the 
model shown in figure 10.15, and they were both impacted by the big-soft sphere. Both 
dimensional changes of the central substrate produced similar results and thus only the 
results from the 0.5 mm central substrate offset are included. 
Figure 10.16a shows the axial stress contours in the central and support substrates 
for the H2S2 configuration, and figure 10.16b shows the axial stress contours for the 
S2H2 configuration. It is clear that the highest compressive stress is found at the comer 
of the support substrate, rather than directly in line with the impactor as seen for regular 
surfaces in earlier models. The peak axial stress at this corner was found to be 17.8 MPa 
for the H-S distribution, compared to 32.7 MPa for the alternative S-H configuration. 
This confirms the view that a soft lamina in contact with an irregularity will lead to a 
much smaller stress concentration than the case where a hard lamina is in contact, and in 
this case is a factor of about 2. This is a very important point when comparing the 
various types of laminate and their suitability for protection. 
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Figure 10.16 Axial stresses in the substrates with an irregular surface for (a) hard soft lamina distribution 
and (b) soft hard lamina distribution 
The objective of investigating a laminate guard was to try and combine the 
antagonistic requirements of the different protective mechanisms. At this stage it 
appears that the support mechanism is more effective with the rigid lamina in contact 
with the substrate surface. However it has been shown that this also increases the 
stresses significantly in a non-ideal system (reality) where irregularities between the two 
surfaces are present. Tri-layer laminate guards provide the opportunity to include a rigid 
lamina for support but without it having to be in contact with either the substrate or 
impactor surface. The following sections present data and analysis on this particular 
type of laminate guard. 
10.5 Tri-layers 
It is difficult to compare tri-layers and bi-layers because of the material 
distribution requirements necessary for alternating laminates. The layer configurations 
were selected with an aim to compare them to bi-layers of the same volume fraction. 
This did not present any problems for the 50/50 volume fraction tri-layer, but it made it 
difficult to compare alternative distributions for the 25S/75H and 75S/25H volume 
fractions. In the first case the configuration adopted is 1.5 mm hard, I mm soft. 1.5 mm 
hard. To reverse this and keep the same volume fraction the 1 mm soft lamina would 
have to be split in to two 0.5 mm laminae. When this was attempted there were mesh 
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failures. Thus for the 75/25 and 25/75 volume fractions, there is only one distribution of 
the laminates possible that keeps the volume fraction consistent: H13S1Hl, 5 for 
75H/25S and S1.5H1S1.5 for 75S/25H. 
The graph keys are consistent with all previous work. In force time traces the 
dashed lines represent the total force on support substrate, and solid lines represent the 
total force on the central substrate. In the axial stress plots the stress is always measured 
at the centre of the surface of the central substrate. In both types of graph the colours 
distinguish between the different distributions of the laminates, and with only one 
distribution possible for the 25H/75S and the 75H/25S the colours also distinguish 
between the volume fractions as well. With tri-layers, red signifies hard upper and lower 
laminae, and black signifies soft upper and lower laminae. 
10.5.1 Big Soft Sphere Impacts of Tri-layers 
In each of the following cases the data will be presented and the trends that relate 
to the protective mechanisms will be discussed with respect to one another. Comparison 
with bi-layers and mono-layers will be made in the summary. 
Figure 10.17 shows the force time histories for two configurations of a tri-layer 
with a 50/50 volume fraction (M3H1S2H1 & M3S1H2S1). The central substrate plots are 
almost identical and so are support substrate plots, with only minimal differences in PIF 
(4%), durations or the impulse (4%) of the respective plots. Such similar force time 
traces puts the emphasis of protection on the distribution of stress as seen in figure 
10.18. In figure 10.18 the peak stress is 22% higher for M3H1S2H1(red line) compared 
to the alternative, which is in agreement with the trends seen with the bi-layers (hard 
lower laminae producing larger peak axial stress). Furthermore the reduction of axial 
stress also shows characteristic behaviour of the support mechanism, reaching a 
negligible value approximately 3/a of the distance away from the peak stress region on 
the substrate surface. 
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Figure 10.17 Force time histories of the central and Figure 10.18 Axial stress profile for the central 
support substrates for alternative lamina distributions of substrate surface protected by alternative 
the 50H/50S tri-layer distributions of the 50H/50s tri-layer 
Figure 10.19 and 10.20 shown two possible 75/25 configurations, and require 
careful attention because the alternative configurations have different volume fractions 
of hard and soft. Figure 10.19 shows the force time histories for the two different 
guards, N3H1.5S1H1.5 and 03S1.5H1S1.5. All PIF values occur at approximately the same 
time, and the loading durations are similar as seen with big-soft impacts on bi-layers. 
Model N3H1.; S1H1.5, with 75% rigid material, shows considerably more support than the 
alternative configuration with only 25%. As a result the peak force on the central 
substrate is lowered because a large amount of the load is distributed to the supports. 
Figure 10.20 shows a much closer relationship between the peak stresses for the 
two layers than could be predicted from the force time curves. Although the PIF is 
approximately 400 N larger with the S-H-S distribution showing little support, there is 
only an approximate 2 MPa difference in peak stress. This is about a 32 % increase in 
PIF for only a 13 % increase in peaks stress, and a 19 % difference in peak 
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displacement. Clearly the large volume of rigid material supports well, and thus tends to 
negate the top rigid lamina increasing the impact force, and the bottom rigid lamina 
increasing the peak axial stress. 
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10.5.2 Summary of Big Soft Sphere Impacts of Tri-layers 
Table 10.4 shows the results of the big-soft sphere impacts on the tri-layers. In 
general they show a reasonably close grouping in all of the parameters. However the 
slightly better performance was achieved by N3H1.5SIH1.5 which has the lowest values 
for peak displacement, and PIF, probably because of the 75% rigid material volume 
fraction, and the importance of support under these impact conditions. The lowest stress 
was seen in model M3S I H2S 1 with the soft cushioning outer laminae and the rigid 
middle lamina. 
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Table 10.4 Results of tri-layers under big-soft impact conditions 
The effects of the various laminae on the general trends in the data are similar to 
those already described for the hi-layers. A more detailed discussion of the merits of tri- 
layers will he given at the end of the chapter. 
10.5.3 Small Hard Sphere Impacts of Tri-layers 
Figure 10.21 shows force time plots for the two 50/50 tri-layers with a snmall-hard 
sphere impact. These laminate guards show similar behaviour compared with the trends 
already established. The H-S-H guard (red lines) shows slightly higher peak force. at an 
earlier time as expected. and some increased flexural response. Although extended 
support offers limited protection under these impact conditions, it is evident that a2 mm 
central rigid lamina transfers more momentum to the substrate (9225 N µs) than the 
same 2 mm of rigid material split so that 1 mm is in the lower position and I min is in 
the upper position. Once again, although dynamic support is present it is difficult to 
determine which configuration offers the best of this support component. 
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Figure 10.21 Force time histories of the central and Figure 10.22 Axial stress profile for central 
support substrates for alternative lamina distributions substrate surface protected by alternative 
of the 50H/50S tri-layer distributions of the 50H/50S tri-layer 
Figure 10.22 shows the axial stress distribution on the central substrate for the two 
50H/50S tri-layer guards. There is a large difference in peak axial stress on the central 
substrate when protected by the different guards. Model p3H, S, H, has a 39 '% larger 
peak axial stress, but both stress magnitudes drop oft to zero close to the edge, which 
shows they are providing similar levels of local support. However, the much lower peak 
stress with the S-H-S guard can he attributed to the soft laminae cushioning the blow on 
both surfaces, which also produces significantly less displacement of the central 
substrate. 
Figure 10.23 shows the force time histories cif the central and support substrates 
when protected by two different tri-layers (75H/25S and 25H75S). Again it is important 
to point out that the tri-layers used in models g3Hi 5S, H1,5. and r3Si. SH1Si, S are not 
alternative configurations with the same volume fractions, as seen also in figure 10.19 
for the same guard layers under big-soft impact conditions. As expected the I I-S-I I 
combination increases the PIF and decreases the duration of loading on the central 
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substrate, whereas the alternative S-H-S configuration reduces the PIF and increases the 
loading duration. There is clear evidence of flexural behaviour of the H-S-H guard from 
the noisy trace which shows the force time history on the support substrate surface and 
better dynamic support because of the larger volume fraction of hard material. 
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1.5 mm guards I nom - 1.5 mm guards 
In figure 10.24 the axial stress profiles of model g3H1.5S, H,. 5 and r3S,. 5H, S1.5are 
shown. The H-S-H configuration produced the highest peak stress and a slightly broader 
distribution because of the position and volume of the rigid laminae. With a thin rigid 
laminate in the middle of the guard (S-H-S) the local support was decreased somewhat, 
and there was a larger displacement for the central substrate. 
10.5.4 Summary of Small Hard Sphere Impacts of Tri-layers 
Table 10.5 shows the results from the impacts of small-hard spheres on tri-layers. 
The best guard in terms of peak stress and also displacement is p3SIH2S1, and the best 
guard in terms of PIF is r3S1.5H, S1.5. 
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Table 10.5 Results of tri-layers under small-hard impact conditions 
In the following section the results of the hi-layers and tri-layers will he compared 
and discussed fully with the addition of mono-layer data. 
10.6 Comparison of Mono-layers, Hi-layers and 'Fri-layers 
To snake suggestions with regards to the best mouthzuard it is necessary toi 
consider several mono-layers as well hecause it may he possible to get similar levels of 
protection from all three types of guard. Equation 10.1 and 10.2 were used to calculate 0 
possible mono-layers with a modulus equal to the COMI)Otiitc nlu(IuIus j)1(. -dICtei. I I*or 
homogeneous strain and homogeneous stress 01' the three VOILI nr I'rartirrn. s used. 'T'hese 
layers are listed at the beginning of the chapter. hut it was felt the Moorre tinHe histories 
and axial stress profiles (many of which can he seen in chapter K an 9) need not he 
included here, and only the peak values for displacement, gurre and axial stress ale 
listed 
There are three parameters used to assess guard performance that have peen 
linked to different injuries. and the guards tested can he easily c iupuied by 
the results from the three parameters against one another I Iuwever at this tit; i e the 
An attempt was made to correlate the three parameters on a tri-axial graph. but prohlrim with 
perspective made it difficult to distinguish the results on paper. 
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results do not exclude the rigid guard laminae that cause high contact stresses as 
discussed in section 10.4. 
Figure 10.25 shows a comparison of the various parameters for the guards tested 
under big-soft impact conditions. Figure 10.25a shows correlation of the peak axial 
stress and peak displacement results, figure 10.25b shows a correlation of the peak axial 
stress and PIF data, and figure 10.25c shows a correlation of the peak displacement and 
PIF data. Under the loading conditions of a big-soft impact the most important 
parameters to consider are those plotted in 10.25c as discussed briefly in section 9.1. In 
each figure (10.25a, b and c) the mono-layers are represented by black circles, the bi- 
layers by green squares and the tri-layers by red triangles. The modulus of each 
mono-layer is marked and likewise with the bi-layer configurations. 
There are a number of features to note that occur in each of the three figures to a 
greater or lesser extent. The first is seen with the mono-layers, which show an 
approximately linear trend (apart from the 133 MPa results) based on their modulus, 
with the best performing guards in each case exhibiting high moduli (the 133 MPa 
guard, the lowest examined does not follow this tend). However, it should be noted that 
the modulus of the best mono-layer is very high, probably too high to be a practical 
option. 
The bi-layers show very distinct groupings according to their volume fraction and 
lamina distribution. The alternative bi-layer configurations (H-S and S-H) with the same 
volume fractions are shown as linked pairs. The 75% rigid volume fraction guards 
provide the lowest peak stress, displacement and force. The Ii-S lamina distribution also 
provides a consistently higher PIF and lower peak stress, compared with S-11 
distributions. However there is no such consistent trend with respect to peak 
displacement. Because of the relatively few number of tri-layers tested, and their 
relative mediocrity in terms of protection compared to the other guard variations under 
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these impact conditions, there is little that can be said except, within the scope of this 
investigation, there are always bi-layers and mono-layers that perform better. 
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Figure 10.26 shows a comparison of the various parameters for the guards tested 
under small-hard impact conditions. Figure 10.26a shows correlation of the peak stress 
and peak displacement, figure 10.26b shows a correlation of the peak axial stress with 
PIP data, and figure 10.26c shows a correlation of the peak displacement and PIF data. 
The most important parameter under small-hard impact conditions is peak axial stress as 
discussed in section 9.1. The three groupings of layer type are apparent with the mono- 
layers represented by black circles performing worst in each figure, bi-layers 
represented by green squares and tri-layers represented by red triangles. The layer 
moduli are marked for the bi-layers and mono-layers, and in some cases of interest the 
tri-layers are also marked. 
There are a number of features to note that occur in each of the three figures to a 
greater or lesser extent. The first is seen with the mono-layers, which in each case 
follow rough curve based on their modulus, with a clear worst case for the guard with 
the same modulus as the substrate (1000 MPa). This particular trend was also seen in 
chapter 9. In figure 10.26b the bi-layers show very distinct groupings according to their 
volume fraction and lamina distribution. Again the pairs have been linked according to 
their volume fraction, but they could also be easily grouped according to their 
distribution, with very clear trends for the hard upper lamina group which show 
consistently higher PIF than there alternative hard lower distributions. These features 
are also apparent in the figurelO. 26a and 10.26c but to a lesser degree which may 
highlight the weaker link between the parameters used. In some cases on the graphs the 
tri-layers appear in similar regions to the bi-layers with the same composite modulus but 
it is not frequent enough to make a concrete statement. 
The bi-layers as a group produce less displacement in the substrate and lower 
axial stress compared with the tri-layers which offer average protection, and mono- 
layers which offer much less. 
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There are several cases where guards perform well according to some parameters 
but perform poorly based on others. To resolve this each of the guards has been ranked 
separately for each parameter and a total rank is given which shows their overall 
performance (lowest is best) for the two different impact conditions (big-soft and small- 
hard) as seen in table 10.6 and 10.7. Because of the predicted high stresses when rigid 
surfaces come into contact with irregularities, the guard layers which exhibit the rigid 
lower surface (S-H, H-S-H and rigid mono-layers) have been excluded from the overall 
rank, which lists the top three guards. Although the most rigid layers mono-layers have 
been excluded because of the high contact stresses they cause, there protective 
properties for these regular surface models is clear. 
Guard 
PIF 
rank 
PIF N Peak u 
rank 
Peak u cm 
Peak axial 
stress MPa 
rank 
Peak axial 
stress MPa 
Total 
Rank Overall rank 
M3S1H2S1 8 1263 7 0.0209 4 15 19 3 
M3H1SZH1 9 1310 10 0.0226 10 19.4 
N31-11.5S1H1.5 5 1159 6 0.0204 7 17.5 
03S,, 5111S1.5 12 1530 13 0.0253 12 19.8 37 
G21-13S1 4 1040 ,2 
0.0163 1 10.6 7 1 
G2S1H3 2 950 3 0.0176 5 15.2 
H2H2S2 10 1334 5 0.0203 3 13.4 18 2 
H2S2H2 6 1168 8 0.021 9 19.2 
12H1 S3 14 1594 12 0.0251 8 18.8 34 
12S31-11 11 1338 11 0.0231 13 20.5 
133 15 1605 14 0.0266 14 21.5 43 
198 16 1622 16 0.0273 16 28 48 
388 13 1538 15 0.0272 15 25.9 43 
2575 7 1186 9 0.0217 11 19.5 27 
5050 3 1008 4 0.018 6 15.5 
7525 1 895 1 0.0156 2 12.9 
Table 10.6 Comparison of performance of all guards based on three criteria (PIF, peak axial stress and 
peak u) under big-soft impact conditions 
The best performing guard under big-soft impact conditions is a bi-layer, 
G2H3S1, which combines the maximum amount of rigid material used in these models 
with a thin soft lower lamina to reduce contact stresses. It is followed by the next 
highest volume fraction of rigid material in a bi-layer, H2H2S2, and then the best tri- 
layer which is M3S1H2SI. The slightly better performance of the bi-layer over the tri- 
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layer, which has a slightly lower (closer to substrate) rigid lamina was a little 
unexpected, particularly with the significant effect of extended support under big-soft 
conditions. However it can be explained by the fact that the soft upper lamina in the tri- 
layer allows more penetration than the rigid-upper lamina in the bi-layer, and the 
success of the cushioning mechanism on the surface of the substrate is minimised for 
the tri-layer because the lower soft lamina is only Imm thick. 
Guard 
PIF 
rank 
PIF N Peak u 
rank 
Peak u cm 
Peak axial 
stress MPa 
rank 
Peak axial 
stress MPa 
Total Overall rank 
p3111S2H1 12 560 10 0.00779 8 10.3 
p3S1H2Si 10 502 5 0.00658 1 6.3 16 1 
g3H1.5S1Hi. 5 15 803 9 0.00771 10 11.4 
r3S1.5H1S1.5 8 461 11 0.00793 7 9 26 
j2H3S1 17 926 2 0.00575 4 8.1 23 3 
j2S1H3 5 399 1 0.00567 3 7.5 
k2H2S2 14 777 3 0.00643 2 7.3 19 2 
k2S2H2 2 347 4 0.00656 5 8.8 
12H1S3 11 542 12 0.00813 6 8.9 29 
12S3H1 3 349 8 0.0077 9 11.1 
100 1 346 13 0.00853 11 12.1 25 
133 4 376 15 0.00874 12 13.3 31 
198 6 417 16 0.00884 14 14 36 
275 7 454 17 0.00897 16 16.1 40 
388 9 499 18 0.00936 18 17.3 45 
1000 13 636 19 0.00963 19 18.2 51 
2575 16 813 14 0.00869 17 16.2 47 
5050 18 931 7 0.00751 15 14.1 
7525 19 1013 6 0.00672 12 13.3 
Table 10.7 Comparison of performance of all guards based on three criteria (PIF, peak axial stress 
and peak u) under small-hard impact conditions 
The results for the small-hard impact are in reverse order of the ranking of the big- 
soft impact. Surprisingly, the best performing guard under small-hard impact conditions 
is a tri-layer, p3S1H2S1, The second best guard under small-hard conditions was k2H2S2. 
and the third best was j2H3SI. I think these results highlight the importance of being 
able to cushion the blow at the impact site for hard impactors that deform very little. 
Furthermore they rank the most rigid mono-layers (very successful for big-soft impacts) 
poorly, which shows the ineffective extended support for short duration collisions. 
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An interesting point related to the distribution of the hard lamina should also be 
noted. If the PIF data is taken into account the layers with upper rigid laminae perform 
poorly. However, because the PIF is probably of less importance with small-hard 
impacts, if it is excluded from the rankings, the hard-upper laminae layers perform 
much better. 
High priority data i. e those parameters which are expected to be most 
representative of injuries under particular conditions (axial stress for small-hard 
impacts, PIF and peak displacement for big-soft impacts) were discussed in section 9.1. 
There is an argument that this data should be considered with greater weight for the 
respective impacts than other data. The ranking of mouthguards for the high priority 
data of the respective impacts was compared to the overall rank and they were found o 
be insignificantly different. Hence the method for ranking these guard layers seems 
appropriate for these simulations, but in the future with a better understanding of the 
various types of injuries this may have to be changed. 
10.7 Summary 
Over the past three chapters numerous FE models have been developed to explore 
the performance of idealised mouthguards. The protective mechanisms proposed at the 
outset of these investigations (cushioning and support) have been identified, explored 
and developed, with multiple components shown to be present in the support 
mechanism. The idealised mouthguards have been assessed according to these 
protective mechanisms with consideration given to irregular non-ideal geometries, and 
the best performing guards have been identified. 
" The best mono-layer guards are either very hard or very soft. Although the 
softest guards examined in this chapter are around 100 MPa, work in previous 
chapters has shown softer guards achieving good results. A very hard material 
introduces problems with comfort, related soft tissue injuries and stress 
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concentrations at irregularities. A very soft material involves large deformations 
that cannot be accommodated in a practical design. 
"A bi-layer guard can achieve the best performance by combining support and 
cushioning in a structure that should be wearable with some development. In 
particular, the support of a hard layer can be exploited without the attendant 
problems of conforming to an irregular dentition. 
"A tri-layer guard uses soft laminae in contact with the vulnerable soft tissue of 
the gums and lips as well as in contact with the dentition. They offer a greater 
range of design parameters to be modified. However the limited range 
investigated here does not fully explore their possible benefits. Further study of 
these guards is necessary to establish the best volume fraction of hard and soft 
laminae, which could be extended to investigate more laminae, with the 
possibility of a graded modulus from surface to surface. 
The results demonstrate the value of laminated guards and how they can combine 
cushioning and support while also accounting for irregularities in a real system. Overall 
the ideal mouthguard should be developed with consideration given to many areas, 
which have been listed and discussed at various stages throughout this work. In the next 
chapter the important concepts identified in the mechanical and user experiments will be 
brought together with the results from the FE investigation along with recommendations 
for further work. 
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Chapter 11 Conclusions and Suggestions for Further Work 
11.1 Introduction 
The principal aims of this work were to develop a clear understanding of how 
mouthguards are able to reduce the incidence of injury in sport, and to make progress 
towards a well founded testing technique for guards. This was achieved by carrying out 
experimental work on an artificial jaw and other mechanical models, conducting a user 
study and developing a number of FE models. 
In the course of this chapter the main conclusions from this research will be listed 
and the novel complementary multi-disciplinary approaches adopted in this project will 
be brought together. 
11.2 Artificial Jaw Drop Tests 
Analysis of some current methods used for assessing the impact performance of 
mouthguards in situ, including various mechanical models of the dentition was carried 
out in chapter 6. A promising artificial jaw that could be used to assess mouthguards in 
situ under impact conditions was identified (Greasley, 1997). The fidelity of the model 
was assessed by testing the artificial tooth-socket components and possible alternatives 
mechanically. Different forms of tooth embedment were tested using simple fracture 
tests, photoelasticity and FE models to gain an understanding of how the PDL can affect 
the stresses in the tooth. The artificial jaw was then used in for drop tests on 
mouthguards in chapter 7 and the reproducibility of results was investigated. 
" The FE code ANSYS was qualitatively validated by showing that it gives a form 
of stress patterns that are similar to the equivalent photoelastic models. 
" Regions in real teeth where oblique fracture occur match the regions of high 
shear in these FE models. Hence, the most likely cause of oblique fractures is 
the multi-axial nature of the stress field. 
" The method of embedment affects stress distribution in the beam or tooth. 
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" Teeth can be approximated by a cantilever in a socket, and more simply by an en 
castre beam. 
"A method for easily reproducing the polyurethane arch of the artificial jaw was 
implemented to aid the reproducibility of drop test results. 
" Thicker mouthguards without fraenum spaces (structurally more rigid) perform 
best in the drop tests. 
" The bi-layer laminate (H-S) fractured through the hard lamina, and showed 
excessive retention by fracturing artificial teeth when placed on the jaw. 
The bi-layer lamina fracture was due to the brittle material, a polycarbonate, 
clearly a grade with poor impact resistant properties, because polycarbonates are usually 
known for their good impact resistant properties. Similarly, the excessive retention was 
a result of the stiffness of the upper rigid lamina in conjunction with the guard geometry 
and manufacturing technique. It should be possible with further work to test several 
other materials on the mechanical jaw, or use standard impact tests such as CHARPY 
and IZOD to select a more appropriate stiff material for rigid laminae. 
The artificial jaw could be significantly improved with further work. Ideally the 
mandible should be developed and included in the jaw model along with other 
structures such as the skull to provide some opportunities for developing the 
understanding of the TMJ. A simple aspect which could be easily included is the extra 
retention that contact with the opposing dentition provides, e. g. using a loop of wire to 
attach the mouthguard to the artificial jaw in the region of the molars. 
11.3 User Study 
The user study was reported in chapter 7. It involved two groups of participants 
who went through the entire procedure of mouthguard fitting, from impression (taking 
casts of the dentition) to easing (when the constructed mouthguard returns form the 
laboratory and finishing touches are made depending on the users opinion). 
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Several different mouthguard designs including mouth-formed, bi-layers and 
variations on the normal custom design were tested. One group of users compared a set 
of 8 guards each with different design features during rest and exercise conditions. The 
other group of participant were used to investigate the effects of time and familiarisation 
on the perception of guard comfort and wearability. Semi-quantitative and qualitative 
open and closed questions were used in the study design. 
0 Pre-fitting comfort was perceived as less than post fitting comfort with the 
exception of breathing interference of the guard which was believed to increase 
under exercise conditions. 
" More care is required at the impression stage (taking casts of the dentition) to 
identify user requirements as a result of their physiology. E. g. `large 
overhangs' or an extended fraenum. 
0 Easing - the process of tailoring the custom made mouthguard to the 
individual's particular needs by smoothing and abrading the guards - is of the 
utmost importance in mouthguard manufacture. 
" The bi-layer guard was considered particularly uncomfortable for most users, 
especially if they possessed specific biological features such as a `large 
overhang', and required excessive easing in most cases. 
0 Users felt the mouth-formed guard interfered more with speech and was less 
retentive than the custom made guards. 
The thinnest custom made guard was the most comfortable, which is in conflict 
with the requirements for good impact protection. 
Users felt the guards began to interfere less with breathing, speech and felt less 
bulky over time. This I describe as the concept of familiarisation. 
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" Different user psychology, physiology and experience with mouthguards can 
mean two participants feel completely differently about the comfort and 
wearability of the same custom made guard. 
Testing guards on the artificial jaw allowed the guard's impact performance to be 
compared with their success in terms of comfort and wearability which was assessed in 
the user study. The opposing requirements for good comfort and good impact protection 
were noted. 
It is not clear whether the discomfort and associated requirements for excessive 
easing of the bi-layer will be present with alternative materials, or if they could be 
resolved by careful adjustment of the manufacturing techniques and more appropriate 
fitting. Nevertheless the comfort issues presented with the lamina properties used in this 
study need be addressed if the bi-layer guard is to be considered in future. There is 
much scope for further trial and development to explore mouthguards fully, with the tri- 
layers providing more possibilities for addressing these issues. Moreover, a thinner rigid 
lamina or thicker soft lamina than those incorporated in M3 in chapter 7, may prevent 
the discomfort felt by the participants. 
The comfort and wearability of mouthguards was identified as one of the most 
important aspects in reducing dental injuries, because by increasing the comfort and 
wearability it is expected that the number of participants wearing mouthguards would 
increase, resulting in fewer oro-facial injuries. There are numerous psycho-social 
aspects involved with studies of this nature, and bigger sample populations and more 
rigorous physiological measurement would provide further insight into this in future 
work. Nevertheless an important concept, familiarisation, was identified that can be 
used in practice to improve sports participant acceptance of mouthguards. In a small 
sample group it was shown that with time users who are not comfortable with 
mouthguards will become more comfortable, and hence the popular reasons given for 
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not wearing mouthguards (interference with speech, breathing, discomfort) can be 
argued with analogies to `blisters from new boots' if necessary. 
Determining the behaviour of the real system and the morphological relationship 
that defines `fit' requires more detailed and rigorous measurement of reality, but can be 
made easier with a theoretical framework from which to assess the guards. Furthermore, 
the concept of `fit' is important in the argument between custom made and mouth- 
formed guards. The mouthguard user should be made aware of these implications to 
allow them an informed choice between guards. The dental profession would have more 
evidence to justify recommendations of expensive custom made guards over the cheaper 
mouth-formed guards if further research relating fit to impact performance was carried. 
11.4 FE Modelling 
Several FE models have been used in this work to investigate mouthguard 
behaviour. The conclusions in this section are from the main body of FE work in 
chapters 8,9 and 10 used to investigate the protective behaviour of mouthguards. 
Implicit and explicit FE codes were used to develop the most appropriate model 
for examining idealised guard layers. Three general parameters were used as identifiers 
of risk for particular injuries from which to assess the guards. Several mouthguards 
including mono-layers, bi-layers and tri-layers were investigated under two general 
types of impact: a) a big-soft sphere and b) a small-hard sphere. 
0A 2-D axially symmetric model can be used to represent the tooth mouthguard 
problem simply. 
Peak impact force (PIF), peak axial stress and peak displacement have been 
used as indicators of specific types of injuries linked to particular loading 
conditions, and successfully used to assess mono-layers, bi-layers and tri- 
layers. 
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" Dynamic effects such as stress wave propagation are very important, and if 
results from purely static analysis are used the results can be misleading. 
" Thicker layers are more effective at protecting than thinner ones, but layers 
thicker than the maximum contact diameter do not offer significantly more 
protection. 
" Protection can be described in terms of two distinct properties - cushioning and 
support. 
" Cushioning is the idea that stresses and peak forces are reduced by interposing 
a more compliant layer. 
o Peak impact force is reduced by increasing the contact duration. 
o Contact stresses are reduced by the greater deformation and size of the 
contact area. 
o The mechanism functions under all impact types. 
Support is a mechanism by which stiffer guards allow the impact load to be 
redistributed over a wider area, especially to other structures neighbouring a 
loaded tooth. It is only effective when the substrate behaviour is effectively 
less rigid than the guard layer and includes three distinct components. 
o Extended support spreads and shares the load over adjacent teeth. It 
only functions under the longer durations associated with big soft 
impacts and results in reduced displacement, PIF and axial stress 
towards the edge of the substrate 
o Local support resists local deformation and spreads the load across the 
loaded tooth which reduces axial stress directly in line with the 
contact point at the expense of raising it slightly elsewhere. It is of 
principal importance in small hard impacts where extended support is 
not effective at protecting. 
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o Dynamic support is present during both impact types but is more 
important during small hard impacts because of the lack of effective 
extended support. It delays momentum transfer by redistributing 
energy in the form of vibrations away from the substrate at the time of 
impact. 
" The response and success of the mouthguard depends very much on the 
characteristics of the impact. A mouthguard that is successful for the small- 
hard impact might be very unsuccessful for a big-soft impact. Both bi-layers 
and tri-layers showed their merits under different impact conditions, 
specifically with regard to irregularities. 
The two concepts of cushioning and support were put forward as a hypothesis in 
the early stages of this project, and have proved to be very robust in providing a 
framework for the description and analysis of the FE experimental results. However, FE 
work refined the idea of support and introduced three interrelated components: dynamic, 
extended and local. Extended support is only effective if a support substrate is present, 
i. e. neighbouring teeth, and if the impact duration is long enough so that the supports 
are loaded during the impact. Local support and dynamic support (and cushioning) are 
implicitly linked to material response and can be seen in all impacts. 
Dynamic support is effective because energy is stored as vibrations of the layer at 
the moment of impact, thus lowering the impulse transferred directly below the impact 
site. This energy eventually returns to the supports (if there) and to the central substrate. 
However, dissipating energy like this over a longer time scale is likely to reduce 
injuries. Dynamic support functions over a much shorter time scale than extended 
support and thus offers a small amount of protection under small hard impacts. 
Over a longer impact duration extended support becomes more effective. It simply 
redistributes the momentum to neighbouring supports by being in contact with them and 
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the impact object at the same time. Alternatively, local support is effective even without 
the presence of a support substrate. Rather than reducing momentum transfer and 
associated effects, it functions by resisting deformation and allowing the load to be 
spread over a larger area which can reduce axial stress. 
It is probable that extended support is the most relevant for real mouthguards in 
practical situations because the contact durations will be towards the longer end of the 
spectrum. However, components such as extended and dynamic support are reliant upon 
the dentition behaving in a manner similar to that modelled, and in particular the 
effectiveness of all support components is heavily reliant upon the degree of `fit'. There 
is much scope for altering the geometry and material properties to bring the models 
closer to reality. Considering the protective mechanisms in more complicated models 
now that the basic behaviour has been established is the next step. 
Both support and cushioning are important aspects of the ability of a mouthguard 
to protect against injury and show promise for incorporating into a general theoretical 
framework from which to assess mouthguards, a necessary precursor to any 
standardisation of mouthguards. However, the modelling has shown that different 
impact events put different emphasis on the two protective characteristics. This can be 
translated into practical differences from, for example, the concentrated impact of a boot 
stud or the spread impact of boxing glove. 
The variety of impact events that might occur in any sport are vast and clearly 
make it difficult to select conditions to test mouthguards against, but also design for, 
because a mouthguard can be made to perform well against one type of blow but not all 
types. However it should be possible to quantify the requirements of each sport in terms 
of cushioning and support against a `probability' of the range of blows that could occur. 
To do this accurately much more data is required on the range of impacts that occur in 
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various sports, which could be accomplished by some innovative cinematographic 
kinematic research. 
Assuming that it is possible to define the cushioning and support requirements of 
mouthguards for a particular sport, or even an individual user, it is reasonable to 
propose a testing regime for mouthguards that would be targeted at distinguishing and 
quantifying the protective mechanisms. Two forms of test could achieve this: 
" Separate tests for cushioning and support. These could be in the form of, for 
example, simple drop tests with a sphere. An impact onto a sample of 
mouthguard material using an instrumented anvil would give a measure of 
cushioning, and an impact onto the mouthguard bridging two instrumented 
pillars could assess support. 
"A single test involving an impact onto an instrumented artificial jaw that is 
properly fitted with a mouthguard. Measurement of quantities such as PIF, 
axial stress and displacement of the impacted teeth, and supporting teeth, 
would give separate measures of support and cushioning. 
Once a mouthguard design is specified in terms of its abilities cushion and 
support, it can be judged against the known cushioning and support requirements of a 
particular sport. 
There is clearly the opportunity for a vast amount further research in many fields 
which can help advance the understanding of mouthguards, and at the same time 
advance other areas of understanding, such as the in situ properties of bony biological 
tissues, which are arguably at their most accessible in the mouth, and unique materials 
interfaces such as the DEJ. The mouthguard provides the possibility for a novel in vivo 
impact instrumentation device by using pressure sensors, accelerometers or other 
instrumentation. Moreover, psychological aspects of sports protection such as the effect 
of user protection on the attitude of participants, particularly the degree of 
261 
aggressiveness, and the complex field of speech perception & communication are other 
interesting areas that would benefit many research fields. 
Overall this work has not solved the problem of mouthguard testing and design, 
but has contributed towards a more rigorous framework and methodology for future 
investigations. In particular, the ideas of support, cushioning, fit and familiarisation 
have been identified as key issues in the assessment and hence improvement of 
mouthguard deign. 
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Appendix 1 Further Anatomy 
A1.1 Enamel 
Enamel forms a thin layer over the crown of the tooth, thickest at the tip where it 
can approach 2.5 mm (Scott 1982), getting thinner towards the cervical margin as seen 
in figure A1.1. The region around the neck can become particularly fragile with age. 
The cervical margin tends to recede with time exposing more of the thinner enamel and 
eventually the cementoenamal junction. If the tooth surface is followed apically to 
below the cervical margin it should be noted that the enamel ceases and a different type 
of covering called cementum is present (cementum will be discussed briefly later in 
relation to the PDL). The density and hardness of enamel also vary throughout the 
crown. They are greatest towards the external surface of the tooth (Scott 1982), 
reducing as it comes in to proximity with the dentine at the dentine-enamel junction. 
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Figure A1.1 Sagittal section of mandibular incisor reproduced from figure 2.4 
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The fundamental morphological unit of enamel is known as the rod or prism, 
which is thought to be keyhole shaped as seen in figure A 1.2a. The main inorganic part 
of the rod is composed of minute HAp crystallites as seen in figure A 12b. The 
orientation of the crystallites within the prisms are shown in figure A 1.2a as dark 
dashes. 
a b 
E 
Figure A1.2 (a) Enamel prisms, with HAp crystallite direction shown and (b) HAp crystallite 
There are millions of prisms within each tooth passing from the dentine enamel 
junction (DEJ) to the tooth surface, initially following an undulating sigmoidal path 
which then straightens and travels the remaining distance perpendicular to the surtLice 
(Osborn 1976). They form distinct layers that alternate their direction as seen in figure 
A1.3 (unlike that depicted in figure A1.2 which is a linear section) and are linked to 
increased strength (Scott 1982). This trend is found more readily in the cuspal regions 
of the molars and pre-molars of permanent teeth because they deal with rniuch higher 
occlusal loads than the anterior teeth, or primary dentition. Hence the undulating prism 
course which is predicted to in increases strength is found more often. 
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Figure A1.3 Enamel structure. One layer of prisms represented by the solid lines, and the underlying layer 
represented by the dotted lines 
The importance of the ultrastructural detail in the integrity of the enamel must not 
be overlooked. Cross-striations (a possible pore system) have been found along the 
length of most prisms, and along with lamellae (defects in the enamel resembling cracks 
but filled with organic material) they are generally considered a consequence of pre- or 
post-eruptive tooth development, a result of tooth construction, and in some sense 
defects rather than important microscopic evolutionary features. Many of these features 
would be considered microscopic flaws and inherent weaknesses in standard brittle 
materials. However as with many materials in nature which have improved through 
evolution, these theoretical weaknesses are inherent in allowing the structures to 
perform their function. In the tooth's case, and particularly enamel, this is to bear 
considerably high loads of a cyclic nature, resist wear, and function in harmony with the 
hostile chemical environment which dissolves most foodstuffs. 
A1.2 Dentine and the Dentine Enamel Junction (DEJ) 
The crystals in dentine are considerably smaller than those found in enamel as 
seen in figure A1.4. 
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Figure A1.4 Dentine HAp crystallite 
Unlike enamel, the formation of dentine is not confined to the pre-eruptive phase, 
but also takes place up to 2 years after the tooth has erupted. However, like enamel, 
dentine formation takes place in a rhythmic fashion; that is, there arc alternating periods 
of activity and quiescence. The post-eruptive mineralisation process occurs more slowly 
and the final dentine of this phase is markedly different from that produced in the first 
phase 
Significant microscopic features which look like minute tubes in SEM images are 
also found in dentine; they are known as the dentinal tubules. They run parallel to one 
another from the pulpal interface towards the enamel interface. Primarily they are the 
housing for projections from the pulpal region called odontoblast processes, and have a 
complex structure as illustrated in figure A1.5a and A1.5h. 
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Figure A1.5 Dentine structure (a) schematic including organic ,,,, I (I)) Micrograph 
image of sample without odontoblast processes 
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Odontoblasts are the main component involved in transportation of the nutrients 
used in tissue formation. The presence of these processes means the dentine can be 
considered a living tissue, and has the capacity to react and adapt to pathologic and 
physiologic stimuli (Osborn 1976). However, its structural components are not as 
ordered as the enamel prisms. It has been estimated that the tubules at the halfway 
region between pulp and enamel occupy a cross sectional area of 0.3 mm2 per 1 mm2 of 
dentine (Scott 1982). Once again these tubules, like some of the enamel features, take a 
sigmoidal course in the crown region where more forces are experienced, but a 
straighter course in the root section. 
Other than dentinal tubules which are approximately 1.5 µm to 2.5 µm diameter, 
there is the amorphous intercellular mesh of collagenous fibres which is part of the 
intertubular matrix and the peritubular matrix, both of which are structurally significant. 
The dentinal tubules are more densely packed in the region towards the pulp than 
they are at the DEJ. Within the tubules in the region of peritubular matrix there are 
varying amounts of calcified material, and the variation occurs along its length and 
inconsistently between one tubule and another. There is also a common occurrence of 
uncalcified dentine material which is known as interglobular dentine (figure Al. 5a). For 
some reason during the mineralisation process, when this material should combine with 
other globules of the excreted minerals from the dentinal tubule to form the primary 
dentine, it fails to do so. This type of structural inconsistency is common in biological 
tissue formation, although for a complex composite material it is unclear whether they 
will act as stress raisers or as a beneficial constituent analogous with particulates in 
particle reinforced composites. 
The surface of the dentine is characterised by a series of dome-shaped elevations, 
so that the junction appears as a series of bays. This moderate interlocking will have a 
strengthening effect on the attachment of the enamel and dentine because of the 
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increased surface area. Further to the dome forms there are also enamel spindles, which 
occur on a smaller scale than the domes and are thought to aid interlocking also. 
Enamel spindles are actually the result of dentine tubules penetrating the enamel 
layer. In all penetrating cases these tubules are surrounded by the interprismatic 
substance of the enamel and in some cases the tubule terminates in a noticeably thicker 
end. There are also enamel tufts; these much like the lamellae are organic structures but 
much smaller. The enamel tufts begin at the DEJ and travel a small distance into the 
enamel following a wavy path that exactly parallels the change in direction of the 
prisms at the succeeding levels of the enamel. Like the lamellae they have a vertical 
arrangement and so they are more visible in a transverse section seen in figure A 1.6. It 
appears that the interfacial region may be fractal in nature suggesting that 
interpenetration takes place on many dimensional scales (Sarikaya 2002). 
I u: inul 
Tufts (T) 
D 
Dentin (I)) 
Figure A1.6 Transverse ground section showing enamel tufts 
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A1.3 Oral Mucosa 
The oral mucosa, like the skin, consists of two layers, a surface epithelium and a 
deeper connective tissue layer, the lamina propria or corium. Its function as a 
connective gingival tissue has also been likened to the functions of skin (Ho et al. 
1982). 
In certain regions that are exposed to the frictional forces of mastication the 
epithelial covering is thick and keratinised with dense collagenous fibres populating the 
underlying layer, ideal for its function and much more resistant to injury compared with 
the other regions which are not as exposed. In the less exposed regions the epithelium is 
less keratinised and has loosely packed collagen fibres in its underlying layers. 
A1.4 Periodontal ligament (PDL) 
Figure A1.7 clearly show the different orientations, connections and profiles of 
the fibres that serve various connective and protective functions. It should be 
highlighted that there are fibres that interconnect neighbouring teeth (transseptal), and 
others which surround the teeth acting as a barrier to the apical migration of gingival 
connective tissue (i. e to help prevent the gums receding). 
Free 
gingival 
groove at 
papilla 
Epithelial 
attachment 
Alveolar crest 
fibres 
Gingival fibres 
Transeptal 
fibres 
Cervical 
fibres 
Oblique 
fibres 
Figure A1.7 Arrangement of PDL fibres 
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The fibres are attached to the tooth by inserting into a layer called cementum. The 
cementum acts as calcified glue for the fibres and is between 15 - 60 µm thick at the 
cemento-enamel junction and 150 - 200 pm thick towards the root. It is composed of 
collagen and hydroxyapatite in approximately equal portions that makes it harder than 
dentine but not as hard as bone. 
The most common of the fibres are the oblique, and their arrangement allows 
much of the functional pressure applied to the teeth during mastication to be 
redistributed into the socket walls. The action of these and the other fibres prevents the 
teeth from being driven into the alveolar socket, thus protecting the vessels and tissues 
located around the apical region. In the region of the tooth apex the oblique fibres are 
sometimes known as apical fibres and are part of a cushion of looser tissue. Normally 
they exhibit very little radial orientation and in this fashion they limit any rotational 
motion. 
Horizontal or Cervical fibres are found at the cervical region of the tooth, which 
link the tooth to the alveolar bone. The cervical fibres are believed to support the tooth 
against any tilting or horizontal movement. 
The alveolar crest fibres project from the cervical part of the cementum and angle 
obliquely in the opposite direction of the normal oblique fibres where they attach to the 
tip or crest of the socket. These fibres are also believed to prevent tilting and extrusive 
motion and therefore are the first fibres to be broken during tooth extraction. 
These fibrous elements of the PDL are composed of collagen bundles. This 
particular protein is known to be inelastic, and deformation under tension is expected to 
occur through straightening of the zig-zagged fibres. However, they do not straighten 
completely as the apex of the zig-zags are predicted to be rigid (Woodhead-Galloway 
1980). This is shown diagrammatically in figure A1.8 below where the elongated zig- 
zag crimps form arches. 
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Figure A1.8 Deformation of planar collagen waveform under stress 
The PDL can be between 0.1 and 0.33 mm thick in functional dentition. Its 
thickness cervically and apically is greater than its thickness centrally. In maintaining 
this layer for the constantly changing dentition there is a similar process to that which 
occurs within the alveolar bone during remodelling. Cells called fibroblasts modify and 
repair the structure of the fibres so they can continue or change location. 
There is one other concept of importance in this part of the periodontium, the 
mechanoreceptors. These are critical in the sensory perception and resulting behaviour 
of the PDL. Mechanoreceptors of different types are affected by different loads (Lavelle 
1975), and even the presence of a mouthguard can activate some of them. It has also 
been shown that they `run-out' if over stimulated. This is another aspect to the already 
complicated behaviour of the PDL that should be considered with respect to 
mouthguards. 
A1.5 Temperomandibular joint (TMJ) 
The TMJ is a condylar joint, with the basic internal structure shown in figure A1.9 
below. The articular surfaces are covered in fibrocartilage, which is a fibre dominated 
cartilage as opposed to cell dominated cartilage, as seen in most other joints. The 
articular surfaces form a capsule which is connected to the surrounding structures. 
Within the capsule an articular fibrous disc divides the joint in to upper and lower 
cavities, each of which are involved in different types of movement. The movement of 
the mandible occurs through a dynamic relationship of the disc and the head of the 
mandible in which both can slide and rotate in relationship to one another and with the 
external surfaces of other neighbouring bony parts. 
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Figure A1.9 Lateral view of Sagital section of right TMJ 
Because the mandible is mobile it can accommodate one of several positions. The 
action of the masticatory muscles and the sensory endings around the TMJ define this 
position, which in turn affects mechanisms of concussion if a blow lands on the 
mandible. 
The muscle groups that control the position of the mandible have been 
investigated thoroughly (Lavelle 1975). Studies have shown that muscle actions to 
counteract the effects of a rapidly closed jaw are present in some muscle groups but not 
others. They have also shown that latencies of action of the muscle groups are in the 
order of 7- 15 ms, and that these particular muscles also appear to have quicker 
contraction times than other muscles throughout the body (Lavelle 1975). It is important 
to recognise these issues when attempting to understand the dynamic behaviour of the 
region 
The controlling factors of the behaviour of the jaw and the teeth can he linked to a 
number of sensory receptors. Their behaviour is particularly complex and although it is 
relevant to the response of the system, several chapters of neurophysiology would he 
required as a precursor to reviewing the literature. Even with such a background the 
literature available is still inconclusive with respect to the problem at hand and thus 
limited attention will be given to this topic. Ideally the effect of the surrounding muscles 
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Lygomatic arch 
could be quantified which would allow a prediction of the head and jaw behaviour when 
loaded under certain conditions. However the complexity of the region makes resolution 
of such forces particularly difficult, and for appreciation of this fact figure Al. 10 has 
been included. This shows just how complex the region is and the significant number of 
vulnerable structures in proximity to the TMJ as well as several of the major muscle 
groups 
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Figure A1.10 Nerves, blood supply and muscle groups around the neck 
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Appendix 2 Cinematographic Impact Data 
Cinematographic (video) techniques cannot (in their current state) provide data on 
the deformation of bodies or sizes of contact regions, primarily because it is very 
difficult to get a clear view of the area of interest. Neither can they provide accurate 
kinematic data from 3D situations, but nevertheless, have been successfully employed 
in laboratory based experiments designed to take place in one plane. 
Current cameras used in biomechanics allow calculation of velocities and 
accelerations, but rarely are they used to define these parameters prior and post impact. 
Cameras that use high enough frame rates to record the impact event itself are 
cumbersome and expensive, and only recently are frame rates of up to 1000 fps being 
seen in television coverage. As a result detailed information on precise impact 
behaviour, especially in the field, is hard to come by. It is safe to assume that teeth can 
be considered rigid bodies, but their overall behaviour in the socket system is anything 
but rigid. Clearly this unknown behaviour presents difficulties in trying to define the 
loading conditions. Nevertheless cinematographic techniques can provide useful 
information on the behaviour of the head and neck. 
There has been relatively little work done on obtaining impact injury data from 
film. Primarily this is because standard cameras do not film fast enough, while often the 
impact site can be obscured from view, and 3D reference co-ordinate systems are 
difficult to set up in the field. However, with the increasing money in sport, driven by 
the television media, there have been recent developments in high-speed film of 
sporting events, and player tracking techniques. In Association Football and American 
Football these methods allow players to be tracked to a pinpoint degree of accuracy all 
over the playing field. These new methods and the large number of cameras at televised 
games provide a good opportunity for developing impact injury monitoring techniques. 
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However the cost of even small amounts of footage is prohibitive and television 
companies are normally unwilling to participate in academic research for free. 
This section discusses two examples of data derived from cinematographic 
techniques that are intimately related to dental impact injuries. The first is a case of a 
real dental injury, and the other uses experimental data on the behaviour of karate and 
boxing gloves. 
An example of a soft tissue injury (requiring stitches to the lip) was obtained from 
a football club's website. Based on the approximate knowledge of the players, the pitch 
dimensions, and the TV camera's specifications it was possible to estimate some data. 
Figure A2.1 below is collision between two players which resulted in one being 
substituted and the report of the soft tissue injury occurrence in a news item. The 
section of video is divided by frames. 
Fl F2 F3 F4 
F5 F6 F7 F8 
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F9 F10 F11 F12 
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Figure A2.1 Sequential frames (FI-F13) of a collision which resulted in facial injury 
The images above are taken from mpeg video footage. Despite the poor picture of 
movement there is a lot that can be derived from reviewing the video. The 
improvements that could be made to this analysis with the help of the broadcaster or 
video footage owner, and the football teams involved could be tremendous. However 
there are considerable commercial barriers to collaborating for research purposes. 
The player in blue has just knocked the ball past the player in orange and tries to 
continue the run but is body checked. Contact probably begins in frame F4. although 
there may be some contact with the arm of the `blue' player and the chest of the 
'orange' player in F3, before the face to shoulder contact begins in F4. In F4 there 
appears to be loading to the side of the cheek by the shoulder, but there is also loading 
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across the under surface of the neck and chin. As the clips move on through F5 to F7 the 
`blue' player remains in contact while decelerating. In F8 and F9 it appears that the 
`orange' player has raised the right arm at the shoulder, possibly using the forearm to 
`protect' himself. This could have quite easily resulted in one or more blows to the blue 
player with any part of the right arm, including the elbow. Obviously another camera 
angle would be helpful at this stage. The remaining frames show the collision finishing. 
After F13 the video shows the `blue' player falling to the ground. 
This sequence is encoded at 40 fps giving 25 ms between frames. The injured 
player was moving at near maximum sprinting velocity, approximately 8m s'1, with a 
mass of approximately 70 kg. The opposing payer appears stationary, or nearly 
stationary, say 0.1 m s'1, and has a slightly higher mass, approximately 80 kg. Thus the 
kinetic energy of both players before impact can be derived, these are 22.4 J and 0.4 J 
respectively. The frame rate of the camera is too slow to derive accelerations, but 
nevertheless it shows a review of even poor video provides some information on the 
complexity of common collisions in sport. The multiple points of contact identified 
from the footage above highlight how difficult it is to define the impact conditions. It is 
unclear which of the points of contact has caused the injury, it is also unclear what 
percentage of the total kinetic energy of the players is used in the actual injury 
mechanism, and the percentage that is distributed elsewhere. For certain, 100% of the 
kinetic energy is not transferred between the mouth of the injured player and the 
opposing player or there would have been a much more serious injury. With more 
development this technique could provide much of the necessary information needed for 
deriving failure properties of tissues, and injury criteria in sports. 
Cinematographic techniques have been used with success by Smith & Hamill 
(1985) and (1986). In two papers they investigated the impacts of karate and boxing 
gloves with punch bags. Several subjects ranging in skill level (years practice in the 
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sport) were filmed punching using specified punch techniques. The same technique was 
used for each punch type (bare fist, boxing glove, karate glove). The motion of the bag 
and the fists (as well as other body segments) were recorded in 2D, thus with the 
reference frame and the camera details (100 fps) the velocity of both objects was 
calculated. Everything else being equal they found that punches with boxing gloves 
resulted in a larger bag velocity post impact. 
Using the techniques described above can provide some of the data needed to 
understand an impact injury, such as the relative pre and post impact velocities of the 
bodies. In the following sections the tooth/socket is analysed and with other evidence 
from literature some suggestions are given for the mechanism of particular injuries. 
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Appendix 3 Alternative Jaw Tests 
Two tests on alternative jaw/tooth models were conducted and will be described 
briefly here. The first is the dynamic investigation of single tooth in a 2D form of the 
artificial jaw. The second involves drop tests on an alternative 3D fully dentate jaw, to 
compare to Greasley's jaw. 
A3.1 Dynamic In Plane Tooth/Jaw 
A method for exploring the tooth-socket problem, and considering variability in 
drop test results used a different approach to increase the simplicity and reduce the 
number of components of the artificial jaw. It involved a tooth, socket, and jaw bone, 
with a complimentary protective guard layer, and impactor, as seen in figure A3.1 a, 
A3.1b and schematically in figure A3.1 c. This approach attempted to re-create the 
dynamic nature of the drop tests, but used a simpler tooth jaw model, which it was also 
hoped might be easily replicated in 2D FE modelling, and other contour/fringe methods 
such as photoelasticity. 
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Figure A3.1 (a) A semi-infinite tooth and jaw, (b) covered by guard layer, with appropriate impactor, 
and (c) diagrammatic representation of artificial jaw set-up 
This simple model aimed to reproduce fractures in the tooth that would validate 
the stress fringes seen in early FE and photoelastic models. However, several fracture 
directions were achieved from a single impact. There are many reasons for this, such as 
inclusions and exclusions in the tooth, unpredictable support, and misalignment of the 
impactor and jaw. Attempts were made to measure the alignment of the impact, but 
despite further improvements the resulting fractures were unique on each occasion, and 
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not representative of in plane loading. Because of the difficulty in getting reproducible 
results with this set up jaw, it was clearly not acceptable as an experimental 
simplification of the problem. 
A3.2 Alternative Fully Dentate jaw 
To select the best artificial jaw for testing mouthguards, another jaw configuration 
was tested under impact conditions, with different materials. 
Several model dentate jaws from Hemming's Visual Aids were acquired. The 
models were externally hand finished, and exhibited remarkably realistic geometry as 
seen in the impacted specimens in figure A3.2a and A3.2b. 
Figure A3.2 Hemming's VA jaw with (a) palate fracture and displacement highlighted and (b) with 
palate fracture highlighted 
The jaws and the teeth were made from the same material, PMMA, although they 
were separate entities. There were two types of tooth fixation (attaching/embedding the 
tooth in the socket) tested, namely superglue and wax fixed. The standard drop tests 
were performed as described in chapter 6, but first square pillars were attached to the 
bottom of the jaw, which allowed it to sit in the spring mounted base seen in figure 6.1 a. 
There was no difference noted between the results of the differently fixed teeth. 
The injuries recorded were also highly unrealistic, with no tooth fractures for 
mouthguard protected jaws, but many palate fractures, as highlighted by the green 
circles in figures A3.2a and A3.2b. It was felt that the Greasley Jaw offered more 
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realism and more control than the externally hand finished PMMA jaw. Particularly 
because of the 3 separate materials in Greasley's model, and the dimensions of the 
components, which produced a wider range of realistic injuries during drop tests. This 
view was reinforced by discussions with dental professionals. 
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Appendix 4 Hertzian Analysis 
The problem of the stresses created by the contact between two elastic solids was solved 
by Hertz in 1882, and the results presented here are taken from Johnson (1985). 
A4.1 Static Indentation 
In this case a sphere of radius R is pressed against a flat semi-infinite body by a load P. 
The contact is bounded by a circle of radius a. 
Figure A4.1 An elastic sphere indenting a flat, elastic, semi-infinite block 
Both bodies are elastic and deformations are assumed to be small. A combined modulus 
E* is defined by 
1 
=1-v; +1-v2 E* Ei E2 
(Al) 
where the subscripts 1 and 2 refer to the Young's modulus E and Poisson's ratio vof the two 
materials respectively. Ifpo is the peak (central) contact pressure and pm the average pressure, 
then the static value ofpo under load P is 
3 pm 3P 6PE *z 
i3 
Po -2 2jra2 'r3R2 
(A2) 
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where the contact radius is given by 
a=np0R/2E* 
The distribution of contact pressurep(r) along the radial coordinate r is 
P(r) =poll -(rla)2YI2. 
(A3) 
(A4) 
This is a parabolic distribution with a maximum p0 in the centre, and falling to zero at the 
edges of the contact area where r=a. This was used to determine the static pressure 
distribution used for loading of model al in 8.2. 
A4.2 Elastic Impact 
In the impact case, if the sphere of mass m impacts at a velocity V, then the maximum 
value of the central pressure is 
P1 _3 
4E* 
mVZ1is. AS 2n 3Rsia 
ý75 
Using a= 7rp, R/2E *, the peak impact force P.,, can be calculated from 
Pmex =3 Pt7ta2 
. (A6) 
To model the time history of the impact force, Johnson (1985) has noted that the penetration, 
S, over the contact duration z, can be very closely approximated to the numerically solved 
loading history by 8=8.. sin(v /z), where 
2.87 
*Z V 
(A7) 
( 
?E 
In elastic Hertzian analysis, the force and penetration are related by p= KS312 . 
Hence a good approximation to the force time history is 
P={P. sin(i t/r)T2. (AS) 
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It is clear from these equations that if either or both materials are soft, then E* is small. 
In this case the pressures, which are proportional to E*, are low, and the contact time and 
radius, which are functions of l/E*, are both large. 
Results of the variation with substrate modulus of maximum impact force P.,,, contact 
radius a, contact time rand force history for two balls are shown in Figures A4.2 - A4.5. Ball 
A has R=5 mm and E= 80 GPa, corresponding to the small/hard ball of chapter 9. Ball B has 
R= 12.5 mm and E= 100 MPa, corresponding to the big/soft ball of chapter 9. In both cases 
Poisson's ratio v= 0.23, and the density p= 1000 kg m3 so that the masses are 0.524 g and 
8.18 g respectively. The substrate has v= 0.35, and the impact velocity V is 20 m s'1. 
Figure A4.2 shows the theoretical peak impact force according to Hertzian theory for the 
impact of a ball A and ball B on a range of substrates. The soft but larger ball B has a higher 
kinetic energy than ball A and hence a higher peak force for the lower substrate moduli. 
However the peak impact force for ball B begins to plateau at approximately 100 MPa, 
whereas it continues to rise for ball A and would continue increasing until approximately 
80 GPa when it would also plateau. 
Figure A4.3 shows the difference in contact radius for elastic Hertzian impact of the two 
balls on the range of substrate moduli. The larger sphere has a consistently higher contact area 
as expected. 
Figure A4.4 shows the difference in contact duration predicted by elastic Hertzian 
theory for the two balls. The softer ball has a much longer contact duration as expected. 
Figure A4.5 shows the theoretical force time histories predicted by elastic Hertzian 
theory. The curves are very similar to those shown in chapter 8 for the impacts on model b 1. 
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Appendix 5a User History Questionnaire 
Gender: Male El Female E] 
Age: Height Weight 
Have you ever used a mouthguard during sports before? YO NQ 
If no, would you have any problems with wearing one? YD ND finish 
If yes, what type was it? CustomQ 
What sports did you use it for? 
How often did you use it? 
Boil&BiteO Other 
During training and competition 
Occasionally during training and always in competition 
Just during competition 
Other (please specify) 
0 
0 
U 
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Appendix 5b Questionnaire for Mouthguard Evaluation 
Participant. 
Guard No. 
Date. 
If 1 is least bulky and 5 most bulky, how did you find the bulk of the guard? 
12345 
On a scale of 1 to 5 how did you find the retention? That is, 1 being loosest and 5 being 
tightest 
12345 
On a scale of 1 to 5 how much does the guard interfere with your speech? 1 being minimal 
interference and 5 being maximum interference. 
12345 
On a scale of 1 to 5 how much did the guard interfere with your breathing? 1 being minimal 
interference and 5 being maximum interference. 
12345 
Did you have any feeling of nausea? YQ NQ 
Did you have any feeling of gagging? YQ NQ 
Did your mouth feel uncomfortably dry? YQ NQ 
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Did the guard irritate your mouth and feel uncomfortable? YQ NQ 
If yes could you identify the area and describe the discomfort? 
Physiology 
Resting heart rate 
Resting breathing rate 
Raised heart rate 
Raised breathing rate 
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Appendix 5c List of Phrases for use in Speech Tests 
CALL XP 
WALLABY 1 FLY 41 
66 XL 
HANDS 88 
p WOODY 3 
TIGER SLOT 
WOODY 2 CHECK 
SET XM 
WOODY 1 DRIFT 
RAM WALLABY 2 
BLUE 33 
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Appendix 6 Model al Annotated Input File 
BATCH 
/TITLE, MG -E 200e6 - 0.004m thick, Tooth -E 80e9 
COMMENTS 
UNITS: SI 
USE SYMMETRY TO MODEL ONLY HALF OF SYSTEM 
LINEAR MATERIALS 
KEYOPT(5) AUTOMATIC GAP CLOSE 
22/1/04 
/PREP7 
/GRA, POWER 
/GST, ON 
/PLO, INFO, 3 
/GRO, CURL, ON 
/CPLANE, 1 
WPSTYLE,,,,,,,, 0 
/REPLOT, RESIZE 
/NOPR 
/PMETH, OFF, O 
KEYW, PR SET, 1 
KEYW, PR_STRUC, 1 
/GO 
/COM, PREFERENCES FOR GUI FILTERING HAVE BEEN SET TO DISPLAY: 
/COM, STRUCTURAL 
t* 
PARAMETERS 
! ****+*******+****+******************+***********+**+******+*+****+*********+*+ 
*SET, WIDTI-LS, 0.0125 ! <= HALF THE WIDTH OF THE SHIELD 
*SET, WIDTH T, 0.008 ! <= WIDTH OF FULL TOOTH 
*SET, WIDTHD2 T, 0.004 ! <= WIDTH OF 1/2 TOOTH (ON SYMMETRY PLANE) 
*SET, HEIGHT, 0.02 ! <= FULL HEIGHT OF TOOTH & SHIELD 
*SET, DEPTH T, 0.003 ! <= DEPTH OF TOOTH 
*SET, MG, 0.004 ! <= MOUTHGUARD THICKNESS 
*SET, GAP, 0.0002 ! <= GAP BETWEEN TOOTH AND SHIELD **NO LOWER THAN. 0002, 
CAUSES VARIOUS PROBLEMS 
*SET, GAP T, 0.0005 ! <= GAP BETWEEN TEETH 
*SET, CONT H, 0.015 ! <= HEIGHT OF CONTACT SURFACE 
*SET, ELL, 0.0005 ! <= SET ELEMENT EDGE LENGTH 0.5 (mm) 
*SET, D. JNC, 0.0001 ! <= INCREMENT TO MOVE DISPLACEMENT 
*SET, DIAX, 0.0025 ! <= MAXIMUM DISPLACEMENT 
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/PREP? 
! ELEMENTS 
! ****************************************************************************** 
ET, I, SOLID186 
ET, 2, SOLID187 
! ****************************************************************************** 
MATERIALS (LINEAR ELASTIC) 
! _> SHIELD MATERIAL 
MPTEMP,,,,,,,, 
MPTEMP, 1,0 
MPDATA, EX, 1 200E6 
MPDATA, PRXY, 1 0.35 
MPDATA, DENS, 11.42 
! _> TOOTH MATERIAL 
MPTEMP,,,,,,,, 
MPTEMP, 1,0 
MPDATA, EX, 2,, 80E9 
MPDATA, PRXY, 2,, 0.23 
MPDATA, DENS, 2,, 1.85 
GEOMETRY 
! _> FORM OF BLC4 COMMAND: X, Y, WIDTH, HEIGHT, DEPTH 
! _> NOTE THESE ARE THE ORIGINAL VOLUME NUMBERS 
! _> THEY GET SHIFTED IN THE CLEANUP LOWER DOWN 
! _> CONSTRUCT GUARD: BOTTOM THEN TOP VOLUMES. Two volumes to allow contact surfaces 
to be separated from non-contact surfaces 
! _>- 0.0125 subtracted from all x's to locate geometry in centre of global co-ordinate system 
! _> z's = mg thickness 
K0.0125, 0.02, 0, 
K0.0125, 0.02, MG, 
K-0.0125, 0.015, 0, 
K0.0125, 0.015, MG, 
K-0.0125, 0, 0, 
K0.0125, 0, MG, 
K 0, 0.015, 0, 
K 0, 0.015, MG, 
K 0, 0, 0, 
K 0, 0, MG, 
K 0, 0.02, 0, 
K 0, 0.02, MG, 
A, 1,2,4,3 
A, 3,4,6,5 
A, 5,6,10,9 
A, 10,9,7,8 
A, 7,8,12,11 
A, 1,2,12,11 
A, 1,3,7,11 
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A, 3,4,8,7 
A, 3,4,8,7 
A, 2,4,8,12 
A, 4,6,10,8 
A, 5,9,7,3 
! ********** CONSTRUCTION OF CONCENTRIC ANNULI TO ALLOW APPLICATION OF STATIC 
PRESSURE DISTRIBUTION IN APPENDIX 1 
KWPAVE, 6 
CYL4,0.0125,0.0175,0.00200.0016 ! central circle 
CYL4,0.0125,0.0175,0.00160.0012 ! annulus next to centre circle 
CYL 4,0.0125,0.0175,0.0012,, 0.0008 ! middle annulus 
CYL4,0.0125,0.0175,0.00080.0004 ! next to outer annulus 
CYL4,0.0125,0.0175,0.00040 ! outer annulus 
APTN, 12,13,14,15,16 
numcmp, all 
CSYS, o 
WPAVE, 0,0,0 
wpstyle, 0.05,0.1, -1,1,0.003,0,0,, 5 
wpro,,, 90.000000 
FLST, 2,5,5, ORDE, 2 
FITEM, 2,12 
FITEM, 2, -16 
ASBW, P51X 
! *Divide circles for symmetrical load 
FLST, 2,5,5, ORDE, 5 ! *Delete unwanted circle areas 
FITEM, 2,17 
FITEM, 2,19 
FITEM, 2,21 
FITEM, 2,23 
FITEM, 2,25 
ADELE, P51X, , ,1 
FLST, 2,2,5, ORDE, 2 ! *edit to allow top volume, delete areas attached to 114 
FITEM, 2,5 
FITEM, 2,9 
ADELE, P51X 
FLST, 2,14,4 ! *create area with lines of circles 
FITEM, 2,20 
FITEM, 2,21 
FITEM, 2,43 
FITEM, 2,44 
FITEM, 2,46 
FITEM, 2,48 
FITEM, 2,41 
FITEM, 2,49 
FITEM, 2,47 
FITEM, 2,45 
FITEM, 2,42 
FITEM, 2,14 
FITEM, 2,17 
FITEM, 2,2 
AL, P51X 
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FLST, 2,14,4 
FITEM, 2,16 
FITEM, 2,12 
FITEM, 2,15 
FITEM, 2,14 
FITEM, 2,42 
FITEM, 2,45 
FITEM, 2,47 
FITEM, 2,49 
FITEM, 2,41 
FITEM, 2,48 
FITEM, 2,46 
FITEM, 2,44 
FITEM, 2,43 
FITEM, 2,21 
AL, P51X 
FLST, 2,6,5, ORDE, 6 
FITEM, 2,5 
FITEM, 2,18 
FITEM, 2,20 
FITEM, 2,22 
FITEM, 2,24 
FITEM, 2,26 
AOVLAP, P51X 
FLST, 2,11,5, ORDE, 9 
FITEM, 2,1 
FITEM, 2,6 
FITEM, 2, -9 
FITEM, 2,12 
FITEM, 2,18 
FITEM, 2,20 
FITEM, 2,22 
FITEM, 2,24 
FITEM, 2,26 
VA, P51X 
FLST, 2,6,5, ORDE, 5 
FITEM, 2,2 
FITEM, 2, -4 
FITEM, 2,8 
FITEM, 2,10 
FITEM, 2; 11 
VA, P51 X 
! create 2nd area with lines of circles 
! ovlap circles with area to allow create vol 
! *create top vol by all areas 
! *bottom mg vol 
! =>SHIFT WORKPLANE TO NEW ORIGIN (0,0, DEPTH_T+GAP) TO CONSTRUCT TEETH 
WPSTYLE,,,,,,, 1 
FLST, 2,1,8 
FITEM, 2,0,0; DEPTH T-GAP 
WPAVE, P51X 
wpro,,, -90.000000 
! => FIRST TOOTH: BOTTOM THEN TOP 
BLC4; 0.0125,0.0, WIDTH T, 0.015, DEPTH T ! <=VOLUME 3 
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BLC4; 0.0125,0.015, WIDTH T, 0.005, DEPTH T ! <=VOLUME 4 
! =>SECOND 1/2 TOOTH: BOTTOM THEN TOP 
BLC4, (WIDTH T+GAP T-0.0125), 0.0, WIDTHD2 T, 0.015, DEPTH T ! <=VOLUME 5 
BLC4, (WIDTH T+GAP T-0.0125), 0.015, WIDTHD2 T, 0.005, DEPTH T ! <=VOLUME 6 
! _> GLUE THE SETS OF VOLUMES TOGETHER 
FLST, 2,2,6, ORDE, 2 
FITEM, 2,1 
FITEM, 2, -2 
VGLUE, P51 X 
FLST, 2,2,6, ORDE, 2 
FITEM, 2,3 
FITEM, 2, -4 
VGLUE, P51 X 
FLST, 2,2,6, ORDE, 2 
FITEM, 2,5 
FITEM, 2, -6 
VGLUE, P51 X 
! _> CLEAN ALL REDUNTANT ENTITIES 
NUMMRG, ALL, ,, , LOW NUMCMP, ALL 
! ***************************************************************************** 
! _> ASSIGN VOLUME/MATERIAL ATTRIBUTES, JUST MG, TEETH ASSIGNED AT MESHING 
FLST, 5,2,6, ORDE, 2 
FITEM, 5,1 
FITEM, 5,2 
CM. Y, VOLU 
VSEL, ,, , P51X CM, YI, VOLU 
CMSEL, S. Y 
CMSEL, S, Y1 
VATT, 1,3,2,0 ! <=2 FOR TET 187 
CMSEL, S, 
_Y CMDELE. Y 
CMDELEY1 
*******************$*$*$$$****$*********** 
COMPONENT FOR RESULTS VIEWING 
! FLST, 5,4,6, ORDE, 2 
! FITEM, 5,3 
! FITEM, 5, -6 
! VSEL, S, , , P51X ! ESLV, S 
! CM, teeth, ELEM 
! ALLSEL, ALL 
! ****************************************************************************** 
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MESH ONLY THE FLEXIBLE CONTACT VOLUME. THIS IS SO I CAN USE THE CONTACT 
WIZARD TO CONSTRUCT THE PAIRS. I ONLY NEED THIS BECAUSE I WANT A 
FLEXIBLE/RIGID PAIR 
! MESHING - mg with tets 
FLST, 5,2,6, ORDE, 2 
FITEM, 5,1 
FITEM, 5, -2 
CM, Y, VOLU 
VSEL, ,, , P51X CMýYI, VOLU 
CHKMSH, 'VOLV 
CMSEL, S-Y 
VATT, 1,3,2,0 ! <=UNSURE ABOUT REAL SET 
i* 
VMESHLY1 
CMDELE, Y 
CMDELEY1 
CMDELE. Y2 
º****************************************************************************** 
! SETUP CONTACT R AND REAL NOT ALTERED...? 
I****************************************************************************** 
/COM, CONTACT PAIR CREATION - START 
CM, NODECM, NODE 
CM, ELEMCM, ELEM 
CM-LINECM, LINE 
CM, AREACM, AREA 
/GSAV, cwz, gsav,, temp 
MP, MU, 1, 
MAT, 1 
R, 3 
REAL, 3 
ET, 3,170 
ET, 4,174 
KEYOPT, 3,9,0 
KEYOPT, 4,5,1 
R, 3, 
RMORE, 
RMORE,, O 
RMORE, O 
! Generate the target surface 
ASEL, S,,, 36 
CM,. 
-TARGET, 
AREA 
AATT; 1,3,3, -1 
TYPE, 3 
AMESH, ALL 
! Generate the contact surface 
ASEL, S,,, 7 
CMy. CONTACT, AREA 
TYPE, 4 
NSLA, S, 1 
ESLN, S, O 
ESURF, ALL 
*SET EALID, 3 
ALLSEL 
ESEL, ALL 
ESEL, S, TYPE,, 3 
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ESEL, A, TYPE,, 4 
ESEL, R, REAL,, 3 
ASEL, S, REAL,, 3 
/PSYMB, ESYS, 1 
/PNUM, TYPE, 1 
/NUM, 1 
EPLOT 
ESEL, ALL 
ESEL, S, TYPE,, 3 
ESEL, A, TYPE,, 4 
ESEL, R, REAL,, 3 
ASEL, S, REAL,, 3 
CMSEL, A, NODECM 
CMDELJTODECM 
CMSEL, AELEMCM 
CMDEL, ELEMCM 
CMSEL, S, LINECM 
CMDEL, LINECM 
CMSEL, S,, AREACM 
CMDEL, AREACM 
/GRES, cwz, gsav 
CMDEL, TARGET 
CMDEL, CONTACT 
/COM, CONTACT PAIR CREATION - END 
i* 
/COM, CONTACT PAIR CREATION - START 
CM. NODECM, NODE 
CM. ELEMCM, ELEM 
CM, LINECM, LINE 
CMJ REACM, AREA 
/GSAV, cwz, gsav,, temp 
MP, MU, 1,0 
MAT, 1 
R, 4 
REAL, 4 
ET, 5,170 
ET, 6,174 
KEYOPT, 5,9,0 
KEYOPT, 6,5,1 
R, 4, 
RMORE, 
RMORE,, O 
RMORE, O 
! Generate the target surface 
ASEL, S,,, 21 
CM, TARGET, AREA 
AATT, -1,4,5, -1 
TYPE, 5 
AMESH, ALL 
! Generate the contact surface 
ASEL, S,,, 7 
CMýCONTACT, AREA 
TYPE, 6 
NSLA, S, 1 
ESLN, S, O 
ESURF, ALL 
*SET, 
-REALID, 
4 
ALLSEL 
ESEL, ALL 
ESEL, S, TYPE,, 5 
ESEL, A, TYPE,, 6 
ESEL, R, REAL,, 4 
ASEL, S, REAL,, 4 
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/PSYMB, ESYS, 1 
/PNUM, TYPE, 1 
/NUM, 1 
EPLOT 
ESEL, ALL 
ESEL, S, TYPE,, 5 
ESEL, A, TYPE,, 6 
ESEL, R, REAL,, 4 
ASEL, S, REAL,, 4 
CMSEL, AJNODECM 
CMDEL, NODECM 
CMSEL, A. ELEMCM 
CMDEL, ELEMCM 
CMSEL, S, 
_. 
LINECM 
CMDEL, 
_LINECM CMSEL, S. AREACM 
CMDEL, JREACM 
/GRES, cwz, gsav 
CMDEL, TARGET 
CMDEL, CONTACT 
/COM, CONTACT PAIR CREATION - END 
ALLSEL, ALL 
ý****************************************************************************** 
! BOUNDARY CONDITIONS 
! _> RESTRAIN ALL OF BASE * 
FLST, 2,3,5, ORDE, 3 
FITEM, 2,3 
FITEM, 2,14 
FITEM, 2,30 
/GO 
DA, P51X, ALL, 0.0 
ALLSEL, ALL 
> RESTRAIN ALL OF WHOLE TOOTH BACK 
!! FLST, 2,2,5, ORDE, 2 
!! FITEM, 2,9 
! ! FITEM, 2,35 
" 
!! /GO 
!! DA, P51X, ALL, 0.0 
!! ALLSEL, ALL 
! _> SYMMETRY BOUNDARY CONDITION 
FLST, 2,4,5, ORDE, 4 
FITEM, 2,4 
FITEM, 2,9 
FITEM, 2,23 
FITEM, 2,33 
DA, P51X, SYMM 
MESH REMAINING VOLUMES (TEETH) + ATTRIBUES FOR TEETH 
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t* 
FLST, 5,4,6, ORDE, 2 
FITEM, 5,3 
FITEM, 5, -6 
CM, Y, VOLU 
VSEL, ,, , P51X CM, YI, VOLU 
CMSEL, SLY 
CMSEL, S, Y1 
VATT, 2,4,1,0 
CMSEL, S,.., Y 
CMDELE, Y 
CMDELEY1 
VMESH, 3, 
VMESH, 6, 
VMESHH, 4,5,, 
! SOLUTION 
/SOLU 
SOLCONTROL, ON, ON 
AUTOTS, 1 
NLGEOM, 1 
NSUBST, 300, 
DCUM, ADD 
TIME, I 
! _> GET THE NODES AND APPLY PRESSURES ACCORDING TO ELASTIC HERTZIAN STATIC 
PRESSURE DISSTRIBUTION 
/SOLU 
FLST, 2,1,5, ORDE, 1 ! <=INNER CICCLE 
FITEM, 2,18 
/GO 
SFA, P51 X, I , PRES, 1.5e6 
FLST, 2,1,5, ORDE, 1 ! <=NEXT OUTER, ETC ETC 
FITEM, 2,26 
/GO 
SFA, P51 X, 1, PRE S, 1.47e6 
FLST, 2,1,5, ORDE, 1 
FITEM, 2,24 
IGO 
SFA, P51X, 1, PRES, 1.41 e6 
FLST, 2,1,5, ORDE, 1 
FITEM, 2,22 
/GO 
SFA, P51 X, 1, PRES, 13.05e5 
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FLST, 2,1,5, ORDE, 1 
FITEM, 2,20 
/GO 
SFA, P5IX, 1, PRES, 11.25e5 
SOLVE 
SAVE 
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Appendix 7 Annotated Input file for Model cl and Other Multisubstrate DYNA2D 
Models 
c line dimensions of sphere lines. 0.5 = radius of small sphere, changed to 1.25 for big sphere 
c first number in string per line of code = line number shown in figure A7.1 
lpon ppon 
c ... sphere 
c line 1 
lcc 10 0.5 -90 0 0.5 
cline 2 
Icc 100.50900.5 
1d3lp202.500 
Id 4 lp 200.5 0.5 0.5 
c line 5 
lcc 10 00 90 0.2 
c mesh dimensions of sphere 
c************++****+#**#+++**************#++++*****++************+*+**++** 
c sphere inner contact area - part 1 in figure A7.1 
part 3155166 yes 
c lower area - part 2 in figure A7.1 
part 435111212 yes 
c top -part 3 in figure A7.1 
part3422148 yes 
c line dimensions for substrates and guard, with first number in the string corresponding to line number c in 
figure A7.1 
c ... central substrate Id 6 lp 2 2.5 -0.4 0.0 -0.4 
Id 7 lp 2 0.0 0.0 0.0 -3.0 
id8lp20.8-2.90.0-2.9 
1d9lp20.8-0.40.8-2.9 
c .... guard 1d101p22.50.00.00.0 
id 11 lp 2 0.2 0.0 0.2 -2.9 
Id 12 lp 2 0.0 -0.12.5 -0.1 
c .... support substrate Id 13'p20.9-0.40.9-2.9 
Id 14'p22.5-2.90.9-2.9 
1d151p22.502.5-3.0 
c.... lines for top of blocks and slvs (part of the pairs) 
Id 16 lp 2 0.8 -0.4 0.0 -0.4 
Id 17 lp 2 2.5 -0.4 0.9 -0.4 
Id 181p22.5 -0.3 0.0 -0.3 
ld 19 lp 2 0.0 -2.9 2.5 -2.9 
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Id 20 lp 2 0.0 -3.0 2.5 -3.0 
c assembly of lines to parts. The middle step in construction of final parts 
c assembly of block - part 4 in figure A7.1 
part 11 16 782 75 12yes 
c assembly of block - part 5 in figure A7.1 
part 9 16 118 2 75 12 yes 
c assembly of block - part 6 in figure A7.1 
part 15 17 13 14 5 50 32 yes 
c assembly of bilayer 
c contact area - part 7 in figure A7.1 
part 10 7 12 113 12 6 yes 
c upper main bilayer - part 8 in figure A7.1 
tl2part 15 10 11 12 3 3-30 4yes 
c mid central area - part 9 in figure A7.1 
part 18 11 12 73 12 12 yes 
c mid main bilayer - part 10 in figure A7.1 
02 part 15 12 11 18 3 6-30 4yes 
c lowest central layer - part 11 in figure A7.1 
part 6 11 18 74 126 yes 
c lowest main layer - part 12 in figure A7.1 
t12 part 15 18 116 4 3-30 4yes 
c assembly of massive block - part 13 in figure A7.1 
part 20 15 19 76 50 4 yes 
c ********** phase 2 ********** 
assm 
c merging of middle step parts to form final sphere 
mg 12 
mg 13 
c merging of middle step parts to form final central substrate 
mg 45 
p4b 
c merging of middle step parts to form final upper lamina 
mg 78 
p7b 
c merging of middle step parts to form final middle lamina 
mg9 10 
c merging of middle step parts to form final lower lamina 
mg 1112 
c ... slideline 
definitions for contact regions 
c sphere to guard layer 
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sln14001 
p1b msrs 1 
c tty 
p7b slvs 3 
c tty 
sine off 
slap 1 
c upper lamina to middle lamina (2 2= bonded) 
sln22 
p7bmsrs 1 
c tty 
p9bslvs3 
ctty 
sine off 
c middle lamina to lower lamina (2 2= bonded) 
sln 32 
p9bmsrs1 
p 11 b slvs 3 
sine off 
c guard to central substrate 
sin 44001 
p11bmsrs1 
c tty 
p4bslvs3 
C tty 
sine off 
slnp 1 
c guard to support substrate 
sln54001 
p11bmsrs1 
c tty 
p6b slvs 3 
ctty 
sine off 
slnp 1 
c central substrate to massive block 
sln 61 
p4bmsrs1 
p 13 b slvs 3 
sine off 
c upporr substrate to massive block 
sln 71 
p6b msrs 1 
p 13 b slvs 3 
c stonewalls 
sln 800 -3.0 0 -2 
p 13 b slvs 1 
c thermals on 
ied 
rcon 0.0 
c plti means plot interval 
plti 1 
prti 100 
rfmts. 001 
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c select a duration and an impact velocity. term = the duration of the simulation in µs 
c ivp = initial sphere velocity in cm per is 
c 10 m/s =1 e-3 dyna units in cm per µs 
c**************************#************************#************************** 
term 130.0 ivp 10 -2.0e-3 
title 
c420 - multiple tooth/small sphere/mono 20 m/s 4 mm thick 
wbcd d295 
c**********************************************************************************c 
define material properties 
ý********************************************************************************** 
hgqt 1 hgq 0.3 bqt 1 bqq 1.5 bql 0.06 
c sphere 80 GPa for small hard sphere, changed to 100 MPa for big soft sphere 
mat 11 
ro 1e0.8 pr 0.23 
endmat 
c central substrate =1 GPa 
mat 21 
ro 1.85 e 0.01 pr 0.23 
endmat 
c elastic polymer layer MAT 3. Top two lamina are material 3 when bi-layer used, but when tri-layer 
c used upper and lower lamina are material 3 
mat 31 
ro 1e0.00133 pr 0.35 
endmat 
c elastic polymer layer MAT 4. middle lamina for tri-layer, lower lamina for bi-layer. When monolayer c 
modelled (as shown here) both MAT 3 an MAT4 have the same properties 
mat 41 
ro 1e0.00133 pr 0.35 
endmat 
c support substrate 1 GPa 
mat 51 
ro 1.85 e 0.01 pr 0.23 
endmat 
c massive block 1 GPa 
mat 61 
ro 1000 e 0.01 pr 0.3 
endmat 
end 
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Figure A7.1 Line numbers in black and part numbers in red for the multi substrate model 
used in chapters 9 and 10 
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